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Abstract 
The nature of gold transport and deposition in deep, intrusive-related hydrothermal 
systems has been the topic of this PhD-research. Specifically, the role of I-type 
granites in the formation of gold deposits that occur in contact metamorphic aureoles 
has been addressed by an integrated field study of gold deposits in the aureole of 
the Cullen Batholith in the Proterozoic Pine Creek Inlier, northern Australia. 
This investigation shows that gold was deposited in quartz vein which formed 
near the thermal peak of contact metamorphism at 550 ::; T ::; 620°C at a pressure 
around 200 MPa. Gold is localized within quartz veins that occupy fracture arrays 
in a variety of structural types of major antiforms. The gold veins formed in two 
distinct structural settings. In the first, the veins indicate fluid flow focusing while 
the host structure was actively deforming. In the second, predominantly bedding-
conformable vein systems and randomly oriented stockworks indicate the focusing 
of fluids into anticlines in the absence of deformation. 
On a regional scale, gold mineralization occurs where the vein systems intersect 
carbonaceous units in the metapelitic host-rock sequence or where veins formed near 
carbonaceous units (::;100 m to contacts). Although abundant, veins further from 
carbonaceous beds are usually barren. This association prompted the question of 
what unique chemical conditions existed within or near the carbonaceous slates and 
what was their effect on gold solubility. 
The chemical conditions of gold transport and deposition have been inferred 
by interpretation of paragenetic relationships, a detailed study on the host-rock 
sequence (Matthiii and Henley, in prep.), and predictions about the nature of mag-
matic hydrothermal fluid. Throughout the central Pine Creek Inlier gold-quartz 
veins are associated with pyrrhotite, arsenopyrite and potassium silicate alteration 
(K-feldspar + biotite in paragenesis with andalusite and cordierite). Potassium 
metasomatism accompanied gold mineralization while N a, Ca was leached from the 
hydrothermally altered rocks. In the absence of evaporites in the metasedimentary 
sequence, high fluorine contents in biotite from the alteration selvages of the gold-
quartz veins ( 4,300:s;F:s;49,000 ppm) indicate that a magmatic fluid was involved in 
ore genesis. 
ABSTRACT PART I AND II v 
This involvement is consistent also with ( 1) mutual cross-cutting relations of 
gold-quartz veins, pegmatites, and aplite dykes in many of the deposits, (2) the 
location of the deposits in the roof of the I-type granites at a vertical distance less 
than 2 km (typically ::;1 km) from the sub-horizontal intrusive contact, and (3) the 
high salinity of the mineralizing fluid as estimated from the Cl-content of biotite 
in most of the deposits. A magmatic derivation of the sulphur in the epigenetic 
sulphides is consistent with sulphur isotopic data from the Cosmo Howley deposit 
(-0.3 to +7.2 per mil 8348). Here an early-magmatic, oxidizing fluid could explain 
the heavy sulphur isotopic signatures of sulphides in structurally early gold-quartz 
veins which constitute the high grade stage of mineralization ( 834S arsenopyrite: 
+3. 7 to + 7.2 per mil). 
The I-type granitoids have I-SC characteristics (Ague and Brimhall, 1988): horn-
blende, pink-K-feldspar, accessory shene, and fluorite; whole rock Fe+3 /Fe+2 2: 0.24 
which indicate that the redox state of the magmatic fluid was at or above the NNO 
buffer at the temperature of crystallization. But the pyrrhotite-arsenopyrite assem-
blage in the veins and the association of ore with carbonaceous units indicates that 
gold was deposited under fairly reducing conditions {10-22 ·5 ::; f0 2 ::; 10-20 ). Thus, 
local reduction of initially more oxidized fluid passing in the vicinity of carbonaceous 
metasediments appears to have been responsible for localized gold deposition in the 
deposits in the Pine Creek Inlier. That this mechanism is highly efficient, and may 
explain the concentration of gold in many gold deposits globally, has been confirmed 
by speciation and reaction-progress calculations. These calculations indicate that 
AuCl2 was more important than Au(HS)2 and AuHS0 at the high temperature of 
gold precipitation in the Pine Creek Deposits. However, even at lower temperatures 
(400-500°C), total gold solubility has a minimum near the maximum stability of 
graphite, so that reaction with carbonaceous matter could be an important precip-
itation mechanism. Fluid-phase immiscibility consequent upon fluid contamination 
by hydrocarbons could also have occurred in the gold deposits, but its effects on 
gold solubility at high temperatures have yet to be determined. 
In the Cosmo Howley gold deposit, most of the vein-hosted ore is located in 
hornfels and biotitic slate within 50 meters of the footwall of carbonaceous slates. 
For this zone, it was inferred (from the field evidence of near-lithostatic fluid pres-
sure and the nature of chemical alteration) that fluid flow was upward and down 
a temperature gradient. Flow focusing into the vein-fault conduits should have en-
tailed mixing of mineralizing fluid rising from greater depth with hydrocarbon-rich 
fluid which ascended along the steeply-dipping beds of carbonaceous slate prior to 
being focused laterally in the subvertical vein-fault conduits. 
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This mixing hypothesis has been corroborated by results from steady-state mod-
elling of pressure-driven fluid flow for a cross-sectional geometry of the Cosmo How-
ley deposit with the writer's Monte Carlo method for modelling flow processes in 
complex geometries with order-of-magnitude variations in permeability. Another 
numerical method has been designed to track fluid batches on their migration paths 
through the flow models. This tool has been applied in a simplistic flow model of 
the Cosmo Howley deposit. Using boundary conditions determined from the field 
study and from chemical calculations, preliminary results indicate that hydrocarbon 
concentrations in the vein-fluid in the footwall of the slate can exceed the threshold 
value for fluid immiscibility upon fluid mixing which occurs within the vein conduits 
near the carbonaceous slate units. Flow patterns which could lead to this type of 
mixing have also been identified for a range of steady-state models based on other 
structural geometries which typify many gold deposits in a metamorphic setting. 
Dynamic patterns of fluid flow near actively-deforming faults have been simu-
lated in laboratory experiments using a newly-designed electric analog apparatus 
that models fluid flow in metamorphic environments using analogs between charge 
transport and fluid flux, storativity and capacity, and permeability and impedance. 
The electric analog experiments model the field evidence of ( 1) episodic faulting in 
the deposits and (2) the common presence of crack-seal textu.res in the gold-bearing 
veins which suggest that fluid flow was intermittent and that the permeability mag-
nitude and distribution changed incrementally with time. 
The boundary conditions for the electric analog model experiments comprise 
measurements of permeabilities, porosities and storativities of appropriate fine-
grained rock at relevant PT-conditions of metamorphism. The electric analog sim-
ulations show that the steady-state models provide upper bounds on the dynamic 
focusing of fluids by fault/vein conduits, because the hydraulic conductivity of the 
faults has to be increased for years to thousands of years before fluid is drawn into 
the fault from a wider region upstream. This applies under the proviso that the 
permeability of the metamorphic rocks is in the micro to nano-darcy range. 
Electric analog experiments also show that after short-lived events of fault dila-
tion (months to tens of years) during which the hydraulic conductivity of the fault 
was increased by up to eight orders of magnitude, the fluid pressure upstream in 
the fault recovers instantaneously to nearly the pre-failure pressure as soon as fault 
compaction and sealing is simulated. This indicates that equilibrium between the 
fluid pressure in the fault and the fluid pressure in the wallrock is not attained. Fur-
thermore, although decompression upon fault dilation is complete, extremely little 
inflow occurs in the subsequent tens to hundreds of years, because the rate of inflow 
is determined by the hydraulic conductivity of the wallrock. 
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These electric analog experimental results represent a range of manifestations of 
the slow diffusivity of fluid pressure which is inferred to describe metamorphic low-
permeability environments. This diffusivity decreases proportional to the hydraulic 
conductivity and the storativity of the rock. Small diffusivity values (e.g., tens of 
meters per year) imply that single fault-slip events cannot decrease fluid pressure 
in the host rocks significantly if the fault-slip-induced increase in the hydraulic 
conductivity of the fault is sustained for less than tens to hundreds of years. For the 
case in which the fault undergoes dilation during failure, the decompression within 
the fault is complete, so that the effective stress on the faulted rock is very high. 
Under those conditions and temperatures above 400°C, healing and sealing of the 
fault should occur within months to hundreds of years, as will be shown on the basis 
of experimental data from the literature. 
Summarizing these results, a sustained or frequently regenerated high hydraulic 
conductivity seems to be the pre-requisite for substantial focusing of fluid flow by 
faults. Alternatively, the escape of overpressured fluids by hydrofracturing can be 
focused by the regional permeability distribution. This has occurred in those gold 
deposits in the Pine Creek Inlier which were not actively deformed during ore-
genesis. 
VIII 
Research Objectives 
The local concentration of gold in ore-forming systems forms part of the more general 
problem of hydrothermal mass transfer in the earth's crust (e.g., Fyfe and Kerrich, 
1984, Fyfe and Henley, 1973). In this case, the transfer leads to the concentration of 
gold by a factor of ~ 1, 000 relative to its average crustal abundance (Fyfe and Ker-
rich, 1982). Studies of ore-forming systems, rather than their depositional regimes 
alone, provide much of our knowledge of the length scales and magnitude of mass 
transfer in a wide range of crustal settings. 
This study focuses on transport and deposition of gold which occur in response 
to fluid flow, fluid focusing, fluid-rock interaction, and fluid mixing. It explores how 
these processes facilitate gold mobilization and how they control where ore-genesis 
will occur. 
The following key questions are addressed in this study: 
1. What is the role of granite intrusions in the formation of gold deposits ? 
2. What is the importance of a close spatial association of gold deposits with 
carbonaceous slates ? 
3. If this association controls gold deposition, what is its mechanism? 
4. How can carbonaceous slates localize gold deposition in their vicinity ? 
5. How do pattern of fluid flow in structural geometries that typify metamor-
phic gold deposits relate to focusing agencies, and what is the significance of 
transient flow processes in natural metamorphic systems ? 
To answer these questions, a gold district in the Proterozoic Pine Creek Inlier 
(northern Australia) has been investigated by means of an integrated field study. 
This investigation determined important boundary constraints on the nature of the 
ore-forming systems which have been used to parametrize numerical and electric 
analog models of fluid flow in metamorphic environments. 
Numerical modelling has been used to determine steady-state fluid pressure dis-
tributions in the complex geologic structures hosting the ore bodies. 
RESEARCH OBJECTIVES IX 
Electric analog models have been built to simulate the dynamic interaction of 
faulting and fluid flow. 
The results of this integrated study are widely applicable, ranging from the 
identification of a new style of gold deposit distinguished by its high temperature 
of formation, to a rigorous validation of the gold precipitation mechanism by fluid 
reduction. Furthermore, a close characterization of fluid mixing, including how it is 
controlled by structure, is achieved, and the dynamics of fluid flow processes during 
faulting are considered. 
The Proterozoic Pine Creek Inlier in Australia was chosen for the field study, 
because it hosts numerous small- to medium-size gold deposits (Jensen, 1915; Stuart-
Smith and Needham, 1984; Hughes, 1990) accessible at the beginning of this PhD 
research. Moreover, although there was a general consensus in the literature that 
widespread gold quartz veins indicated an epigenetic origin of mineralization, there 
was still a wide range of discrepant hypotheses about the significance of the quartz 
veining in respect to the total amount of gold in the district and its distribution. 
Nicholson and Eupene (1984) proposed that epigenetic mineralization represents 
only the local re-concentration of stratiform syn-sedimentary gold mineralization via 
contact metamorphic devolatilization. By analogy with the genetic model for the 
Homestake deposit accepted at the time (e.g., Rye and Rye, 1974; Sawkins and Rye, 
1974), a deep-water origin and relation to banded-iron formations was proposed for 
the Cosmo Howley and the Golden Dyke Dome deposit (Nicholson, 1978; Needham 
and Roarty, 1980; Goulevitch, 1980; Dunnet and Kavanagh, 1983; Wilkinson, 1982; 
Alexander et al., 1990). A detailed sedimentological evaluation of this hypothesis 
(Mat thai and Henley, in prep.) has been part of the investigation presented in this 
thesis. 
On the other hand, the Tom's Gully deposit and the Enterprise gold mine were 
interpreted as having formed from metasedimentary fluids in a hydrothermal sys-
tem which was driven by the thermal metamorphism accompanying granite intrusion 
(Sheppard et al., 1990; Hoffman and Henley, 1987). This diversity of genetic hy-
potheses indicated that a wide range of deposit types could be studied in a relatively 
small area. The diverisity reflected however also on the absence of a rigorous struc-
tural framework as their basis. Hence, a careful reexamination of the geology of the 
central Pine Creek Inlier seemed advisable. 
RESEARCH OBJECTIVES X 
The field-based part of this study employed the following methods of investiga-
tion. 
• Structural mapping on all scales with emphasis on cross-cutting relationships to 
determine the structural evolution of the district and its relations to individual 
deposits. This work involved the interpretation of air photos, satellite imagery, 
aeromagnetics, and radiometric data. 
• Microstructural investigation of thin sections to establish paragenetic sequences and 
mechanism of gold vein formation. 
• Sediment petrography and whole-rock analysis to determine the depositional envi-
ronment of the host-rock sequence, its potential for a primary enrichment in gold, 
and its alteration during fluid flow (Matthai and Henley, in prep.). 
• Geothermometric and barometric interpretation of microprobe analysis of minerals 
from the alteration assemblages of gold-quartz veins to constrain the P-T conditions 
during mineralization. 
• Numerical modelling of contact metamorphism to estimate thickness of intrusives 
and transient thermal gradients during gold deposition. 
• Fire assay of rock-chip samples for gold to determine the geologic controls on the 
small-scale distribution of gold at the Cosmo Howley and the Woolwonga deposit. 
• Stable- and radiogenic-isotope analysis to determine sources and temperatures of 
mineralizing fluids. 
• Speciation and reaction-progress calculations to model the conditions of ore depo-
sition and to evaluate whether gold could be precipitated by fluid reduction. 
More generally all these methods were applied to facilitate a parametrization of 
the key controls on ore genesis as summarized already by Fyfe and Henley (1973). 
A modification of their genetic pathway model is shown in figure 0.1 (Next page). 
The genetic pathway model (Fig. 0.1) illustrates that the gold deposit forms only 
a part of the ore-forming system. Hence the mineralized structures and alteration 
patterns bear only on the conditions of gold precipitation and may not be equated 
with those of gold transport. How gold is mobilized, how far it migrates, and under 
what conditions it can be transported in metamorphic-hydrothermal systems had 
to be investigated throughout the gold district. These considerations provided the 
rationale for a more regional approach to the research problem. In the following, 
each chapter of Part I and II of this thesis focuses on a single or several aspects of 
the genetic pathway model. 
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Figure 0.1: Genetic pathway model summarizing the key factors which control the for-
mation of a hydrothermal gold deposit (extended from Fyfe and Henley, 1973). The 
evaluation of these schematic controls is a topic of this thesis. 
Part I describes the results of the integrated field study. 
In Chapter 1 the regional structural and thermal evolution and the timing and 
styles of gold mineralization are characterized. These determine the tectono-
thermal driving-forces of gold transport and place important constraints on 
gold-, fluid-, and ligand sources, and the physico-chemical-conditions during 
gold transport and mineralization. 
Chapter 2 describes the deformation structures associated with gold deposition 
which bear on the nature of permeability in the deposits. 
Chapter 3 details the timing and style of gold mineralization at the Cosmo Howley 
gold mine necessary to understand the gold distribution which is subject of 
Chapter 4. Thus, Chapters 3 and 4 characterize in detail the geometry of 
the fluid-focusing structure and the nature of gold deposition (Fig. 0.1). This 
characterization is complimented by a sediment-petrographical study on the 
host rock sequence of the Cosmo Howley deposit (Matthai and Henley, in 
prep.) which evaluates the prevailing syn-genetic hypothesis for the Cosmo 
Howley deposit. This paper is attached to the Appendix volume. 
RESEARCH OBJECTIVES XII 
Chapter 5 draws together the available field constraints on the physico-chemical 
conditions during gold mineralization at Cosmo Howley, presenting results 
from geothermometry, stable isotope analysis, and a lead-isotopic study on 
sulphides. These serve as key constraints on the gold precipitation mechanism 
(Fig. 0.1). 
In Chapter 6 a genetic model for the Cosmo Howley deposit and the ore-forming 
systems of the region is developed and discussed, in conjunction with results 
from speciation and reaction-progress calculations focusing on ore genesis. 
In Part II, fluid flow is addressed as the key agent facilitating ore-forming process 
(Fig. 0.1). It controls the mobilization, the transport and probably also the location 
of the site of gold deposition. Therefore, it is addressed separately. 
Chapter 1 commences with a discussion of important boundary constraints for 
fluid flow in metamorphic environments which could not be retrieved from the 
field results. 
In Chapter 2 results from steady-state modelling of fluid flow in the structural 
geometries which were observed in the field are presented. 
Chapter 3 introduces a modelling technique which was designed to trace fluid on 
its way from source to sink. This technique was used to model fluid mixing. 
In Chapter 4 the results obtained with an electric analog model of fluid flow 
are presented. These data provide constraints on the dynamic patterns of 
fluid flow near active faults as the focusing structures for mineralizing fluids 
(Fig. 0.1). 
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Summary 
Gold deposits in the central Pine Creek Inlier formed near the peak of contact meta-
morphism accompanying the intrusion of the Cullen Batholith between 1830 and 
1800 Ma. Gold was deposited in quartz veins which occupy structurally-controlled 
zones of dilatancy within a distance of less than 3 km to the granite contact (typ-
ically ::;1.5 km). The ore-bodies are predominantly vertical and their location is 
controlled by carbonaceous intervals in the stratigraphy and the older grain of the 
Barramundi fold and thrust belt. 
Granite-related pegmatites and felsic dikes occur in most of the Pine Creek 
gold deposits. Biotite forms part of distinct potassium silicate alteration which is 
associated with gold mineralization. This biotite contains large quantities of fluorine 
( 4,300::; F ::; 49,000 ppm) and appreciable amounts of chlorine (::;1,870 ppm). These 
are interpreted to indicate that the mineralizing fluid was fairly saline ( 1-4 molal 
Cl). It is shown that the high fluorine contents are indicative of the involvement of 
magmatic fluid in the gold deposition process. 
During ore-genesis, pervasive hydrofracturing occurred and subhorizontal exten-
sion veins developed in some of the deposits. Magmatic and metamorphic fluid 
flow in the roof of the Cullen Batholith was pre-dominantly upward as fluid pres-
sure approached and exceeded the lithostatic stress in response to metamorphic 
devolatilization and release of magmatic fluid from the crystallizing melts. 
The alteration assemblage K-spar+biotite+andalusite+cordierite ± muscovite is 
indicative of gold deposition at temperatures between 550-620° C. Phengite-geobaro-
metry indicates that this occurred at a depth between 7 and 9 km (200-250 MPa). 
No horizontal gradients in peak metamorphic temperatures could be mapped in the 
central gold district except for the transition to sillimanite-grade near the granite 
contacts. This suggests that the whole region is underlain by a coherent mass of 
granite which is consistent both with geophysical and structural observations. In this 
context, results from uni-dimensional modelling of the transient thermal gradients 
indicate that these attained values between 100-200°C km- 1 at the time of gold 
mineralization. Furthermore, a thickness of 5-km of granite is required to explain 
the extent of the contact aureole. 
After gold-deposition, the central Pine Creek Inlier experienced further defor-
mation. This includes the formation of major strike-slip faults in the Mid- to late 
Proterozoic. These overprint gold mineralization, and their formation was accom-
panied by pervasive chloritization. 
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1.1 Introduction 
The evolution of the Pine Creek Inlier which is a Proterozoic fold belt in northern 
Australia (Fig. 1.1) is summarized in Table 1.1. Its basement is formed by Archean 
amphibolites and gneisses and/or granulites and granitoids (Nimbuwah complex, 
Page et al., 1980). The Inlier is subdivided into five structural domains (Needham 
et al., 1980; Johnston, 1984). 
The central South Alligator River domain hosts the majority of gold deposits 
(Needham et al., 1980; Walpole et al., 1968; Stuart-Smith et al., 1980a; Johnston, 
1984) These deposits are described briefly by Hughes (1990) and occur entirely 
within the inner contact aureole of the Cullen Batholith (Fig. 1.1, cf., Stuart-Smith 
and Needham, 1984). Therefore the region is also referred to as the Cullen Mineral 
Field (Stuart-Smith and Needham, 1984). 
Gold mineralization at Cosmo Howley and almost everywhere else in the Pine 
Creek Inlier is hosted by metapelites and metapsammites of the Barramundi se-
quence. The majority of gold deposits are concentrated in carbonaceous sections of 
the Koolpin and Mount Bonnie Formations (Fig. 1.1). The Koolpin Formation is 
described in detail in Matthai and Henley (in prep). It is overlain by the pyroclas-
tic/epiclastic/sediment sequence of the widespread Gerowie Tuff which records an 
episode of felsic volcanism. 
The succeeding Mount Bonnie Formation represents the onset of syn- to post-
orogenic flysch deposition (Needham et al., 1980). While the Mount Bonnie Forma-
tion has local carbonaceous intercalations, most of the flysch and the Gerowie Tuff 
do not contain any carbonaceous matter. The flysch in the region (Burrell Creek 
Formation, Finniss River Group) has an average thickness of about 2 km, which 
contrasts with the roughly 250 m-thick Mount Partridge Group that underlies the 
carbonaceous Koolpin Formation (Matthai, 1992, unpubl. company rep.). 
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Figure 1.1: Opposite page: Regional Geology and location of the investigated gold de-
posits in the Pine Creek Inlier, NT, Australia. For the sake of clarity, only a few major 
fold structures are indicated in the Finniss River Group-sediments. More detailed maps of 
the surroundings of the Cosmo Howley Deposit and Mount Paqualin are presented further 
below (Figs. 1.3, 1.4). 
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Regional Events/Structures/Sediments 
Archean S-type granitoids and gneiSSIC basement 
(Nimbuhwah Complex) 
Terrestric and fluviatile sandstones (Mount Par-
tridge Group) 
Pelites, silt- and sandstones, carbonaceous slates 
(Koolpin Formation) 
Felsic pyroclastics ( Gerowie Tuff) 
Post-orogenetic turbidites (Finnis River Group) 
Quartz-tholeiite sills (Zamu Dolerite) 
East-west compression: folding, thrusting to the 
east, reg. low grade-metam. (Barramundi Orogeny) 
Intermediate flows and pyroclastics (Edith River 
Group volcanics) 
Intermediate volcanics (Barramundi Suite) 
Main Cullen Batholith: McMinns Bluff-, Allamber 
Springs-, Fenton Granites and granodiorites, 
Formation of most gold deposits, north-south com-
pression, superposed folding 
Gold-quartz veining at the Goodall gold mine 
Burnside-granite 
Second stage gold mineralization at Woolwonga 
East-west compression, reverse faulting (Mount 
Shoobridge fault), development of large strike-slip 
faults 
Shoobridge event (4), closure of Rb/Sr-whole rock 
system, end of major retrograde alteration 
Uplift and denudation, deposition of fluviatile sand-
stones (Tolmer Group) 
Oblique reverse- and strike-slip faulting, minor 
quartz veining (Hayes Creek, Giants Reef-, Adelaide 
River-faults) 
Northwest-southeast extension, normal faults car-
bonates (Daly River half graben) 
Age Constraints 
2470±50Ma 
::=:2000-2200 Ma 
::; 1885±2 Ma (U/Pb), 
1880 Ma (U/Pb), 
1885-1870 Ma (U /Ph) 
1885-1860 Ma (U /Ph) 
1880-1850 Ma (U /Ph) 
1835±6-
1818±5 Ma (SHRIMP-
U /Ph-zircon) 
1817±16 Ma (SHRIMP 
U /Ph-zircon) 
1800±5 Ma (SHRIMP-
U /Ph-zircon) 
1780±20 (Rb /Sr) 
Mid Proterozoic 
post-Tolmer 
-Cambrian 
Cambrian-Ordi vizian 
Reference 
(0) 
(1) 
(6) 
(2) 
(7) 
(3) 
(1) 
(4) 
(4) 
(6) 
(1,8) 
(13) 
(6) 
(1) 
(1) 
(9) 
(10) 
(1,11) 
(12) 
5 
Table 1.1: Regional geology and structural evolution of the central Pine Creek In-
lier/ Cullen Mineral Field. My own data are incorporated in the dating framework available 
from the literature. References: (0) Page et al. (1980); (1) this study; (2); (3) Needham et 
al. (1988); Stuart-Smith et al. (1980); (4) Page and Williams (1988); (6) Stuart-Smith et 
al. (1993); (7) Needham and Stuart-Smith (1980); (8) Johnston (1984); (9) Riley (1980); 
(10) Stuart-Smith (1985); (11) Stephansson and Johnson (1976); (12) Berkman (1980). 
(13) Compston and Matthai (1994). 
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Late during or after flysch deposition and before the Barramundi Orogeny de-
formed the region, the sediments were intruded by up to 300 m-thick quartz-tholeitic 
dolerite sills known as the Zamu- and Oenpelli dolerites (Table 1.1 ). The Barra-
mundi Orogeny itself is reflected in upright to recumbent folds and thrusts and was 
followed by medium to high grade contact-metamorphism and devolatilization of 
the sedimentary sequence in response to the intrusion of the Cullen Batholith. This 
granitoid suite comprises both a contiguous group of plutons in the south-central 
part of the Pine Creek Inlier and several outlying plutons and pluton clusters to 
the north and west, with a total outcrop area of about 2,800 km2 (Fig 1.1) which is 
indicative of the minimum regional extent of post-orogenic magmatism. 
The geochemistry of the Cullen Batholith has been detailed by Ferguson et 
al. (1980) and Stuart-Smith (1985). The granitoids are highly differentiated calc-
alkaline !-type granitoids, with biotite granodiorite dominating in a range from 
tonalite to syenite. Geochemically, they are related to those of the Early Proterozoic 
Barramundi Suite which occur throughout northern Australia (Wyborn et al., 1992). 
However, the Cullen Batholith is atypical of Barramundi-suite granitoids in that 
recent SHRIMP ion-microprobe U /Ph zircon ages (Stuart-Smith et al., 1993) show 
that it is 20 to 50 Ma younger (Table 1.1). In summary, the U /Ph zircon data 
suggest that most of the Cullen granitoids were intruded between about 1830 and 
1810 Ma, followed by the Burnside and Fenton plutons. 
The granites are generally massive, but are locally deformed both around their 
margins and within cross-cutting shear /fault zones. This study has clarified that 
contact-metamorphic assemblages in the outer aureoles largely reflect thermal re-
laxation as preferred mineral orientations or deformation fabrics occur only locally. 
In the inner aureoles (:=::;300-500 m to contacts) contact metamorphic foliations fre-
quently indicate pervasive deformation accompanying granite intrusion. Pre-granitic 
regional-metamorphic assemblages are largely obliterated in these zones. 
This study has also constrained the timing-relationships between syn-granitic 
and younger deformation structures. As will be shown, regional superposed folds 
were developing while the late Burnside Granite was intruded. During this late intru-
sion event minor gold mineralization formed at Woolwonga. Later, the superposed 
folds were imbricated by a second east-west shortening event during which east-
directed thrusts formed. Larger strike-slip faults were developed during this second 
east-west compression and evolved into the youngest major deformation structures 
in the Pine Creek Inlier. Because these displace Mid-Proterozoic sandstones, they 
were still active or became re- activated after the sandstones had been deposited 
under fluviatile to shallow marine conditions. Therefore the faults post-date the 
uplift and erosion of the Barramundi orogen. 
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1.2 Structural Evolution of the Pine Creek Inlier 
As indicated in the introduction, the structure of the central Pine Creek Inlier is 
complex and the product of several successive deformation and thermal events. In 
this evolution successive generations of quartz veins were precipitated in changing 
host structures. These fingerprint changes in the geometry of fluid flow paths. 
In most gold deposits the gold-hosting structures are overprinted and partly 
obliterated. This is best illustrated by the Tom's Gully deposit (Simpson, 1990, 
Fig. 1.2). In the Tom's Gully section, units folded with a long-wavelength are 
overthrust on units with a short wavelength, tight folds and vice versa. This stacking 
is evident also from thrust ramps (Fig. 1.2). Duplex structures and thrusts are 
described in detail by Shepphard et al. (1990). The thrusting and the style offolding 
are typical of the Barramundi Orogeny (Etheridge and Rutland, 1984; Etheridge et 
al., 1987). 
The thrust stacks have been tilted and reactivated during subsequent intrusion 
of the Mount Goyder syenite, the margin of which is exposed 100m to the east end 
of the cross section. During and after intrusion, gold was deposited in a quartz vein 
array which formed in a listric normal fault. The dikes (Fig. 1.2) intruded after 
the now exposed part, if not all of the syenite had solidified. Their emplacement 
was followed by transtensional faulting and hydrothermal activity postdating the 
formation of the gold-bearing quartz vein which cross-cuts the older thrust units 
but shows mutual overprinting relationships with the dikes. The fragmentation of 
the dikes (Fig. 1.2) was caused by strike slip deformation during which the "flower"-
structures (splay faults) formed, slicing thrust stacks into fault bounded slabs which 
are especially distorted where the strike or dip of these youngest faults changes. 
The mode of fragmentation of the dikes (Fig. 1.2) also indicates the reactivation of 
bedding planes as slip surfaces during the strike-slip faulting. 
These cross-cutting relationships, structural style, and timing of ore-genesis dur-
ing and after granite intrusion, are germane to the Pine Creek Inlier. Because this 
structure is so complex its elements are now characterized individually in the order 
of their formation. For simplicity, this deformation sequence is related to the age 
of intrusion of the McMinns Bluff Granite (Table 1.1) and is sub-divided as pre-, 
syn- and post-granite events. This classification is chosen because SHRIMP ion mi-
croprobe dating of the McMinns Bluff Granite (Stuart-Smith et al., 1993) provides 
absolute time constraints on the deformation history. 
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Figure 1.2: Opposite page: Southeast wall of the Tom's Gully deposit, Pine Creek Inlier, 
NT. The wall of the open pit is effectively a cross-section perpendicular to the regional 
trend of fold axes. Early thrusts displace the hanging wall to the east and commonly 
form the base of imbricate splays which terminate in the hanging wall. The thrusts were 
subsequently folded and cut by dikes and strike- slip faults (ssf). Within the sediment 
package, ramps are evident (arrows) which indicate thickening by thrust stacking. The 
thrusts are earlier and genetically unrelated to the post-granitic Crabb Fault Zone (Shep-
hard et al., 1990) that carries the mineralized quartz vein and is herein interpreted as 
listric normal fault due to pluton-induced extension. The latter truncates the thrust stack 
but has mutual crosscutting relationships with the dikes that also intersect the syenite. 
The Crabb Fault Zone intersects the wall below the Pit floor so that it is not shown in the 
sketch. The dikes and all older structures are cut by strike-slip faults (ssf) which further 
modify the geometry. The latter are also evident in the regional map pattern (Simpson, 
1990) and offset the local Mount Goyder syenite. During late strike-slip faulting, both the 
thrusts and bedding planes were reactivated; this is evident from the displacement of the 
dikes, the irregular shapes of which are an expression of bulk deformation of the sediment 
package. 
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1.2.1 Pre-granite Deformation 
In summary, the pre-granite structural style in the Cullen Mineral Field is typical 
of foreland fold-and-thrust belts, such as the American Rocky Mountain foreland 
(Price and Mountjoy, 1971), the Appalachians of the eastern United States, and the 
Jura Mountains in the foreland of the European Alps. 
The structures that predate the McMinns Bluff and Allamber Springs granites 
(Fig. 1.1) were interpreted in earlier regional mapping as a simple train of roughly-
constant-wavelength, upright folds (Stuart-Smith et al., 1980; Stuart-Smith et al., 
1984). This is consistent with observations in smaller exposures from which it is 
evident that most folds are concentric, formed by layer-parallel flexural slip, and 
have interlimb-angles 2:40°. 
t·::.-;·J Meta-Sandstone F: A:~ Gerowie Tuff 
• 
Carbonaceous r.-:1 Slate I±...±J Granite 
I !,II SchisVHomfels t..-> J Dolerite 
2km 
Figure 1.3: Structural map of the area south of the Cosmo Howley Deposit. Granite 
intrusion bend the Howley Anticline upwards in the south, so that the map is essentially 
a cross-section. This section contains several thrust ramps indicating that the Howley 
Anticline is a ramp anticline. 
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The regional map shows the Howley Anticline as a relatively simple, generally 
shallow-plunging, slightly overturned anticline along most of its length, for about 25 
km immediately north of Cosmo Howley to the north of Mount Paqualin. However, 
it broadens and effectively disappears up-plunge south and southwest of Cosmo 
Howley, where the South Alligator Group is effectively plane-dipping to the north, 
and where it is upturned along the margin of the McMinns Bluff Granite (Fig. 1.3). 
In the Mount Paqualin area a cross-section was constructed by projecting up and 
down plunge (Fig. 1.4). The map pattern in the central part of this area shows that 
the east-limb of the Howley Anticline is faulted, and the hinge zone is thrust upon 
the Gerowie Tuff in the hanging wall. 
Both figures 1.3, 1.4 show that the Howley Anticline may well be a complex 
ramp anticline as indicated by thrust repetitions of the sedimentary sequence. The 
location and amplitude of the Howley Anticline appears to be controlled by the ramp 
geometry and vertical extent of the ramp. These factors seem responsible for that it 
is one of the folds with the largest amplitude in the region. Dip measurements from 
diamond drilling at Cosmo Howley indicate that this amplitude may be as large as 
1 km. This contrasts with amplitudes of 50 to a few hundred meters of the majority 
of the folds. 
At Mount Paqualin (Fig. 1.4), floor thrusts which ramp from the base of the 
Koolpin Formation into the overlying Gerowie Tuff are necessary to construct a 
roughly balanced cross section from the mapped surface geology. These thrusts 
distribute their displacement into the hangingwall. Hanging-wall deformation occurs 
by development of an imbricate stack or fan, whereby the displacement on the floor 
thrust is progressively passed up into a higher-level thrust via a series of imbricate 
slices. An important outcome of this deformational style is that most of the steeply 
dipping imbricates must have a vanishing displacement up dip and therefore must 
be blind, i.e they must terminate in the sequence. 
(-:: .. ::·./·.] Mt Bonnie Formation D Gerowle Tuff t:~:~J Zamu Dolerite - Koolpin Formation 
Thrust Ramp 
~ lithological contact __;'fault 
F 
7.6 km 
E 
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Figure 1.4: Opposite page: Structural map and schematic cross-section of the Mount 
Paqualin area. The cross-section is 7.6 km long and not vertically exaggerated. 
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Note in this context that the fold wavelength within the Burrell Creek Formation 
(e.g., Batchelor-Hayes Creek 1:100,000 Sheet) ranges from a few hundred meters km 
to about 4 km, forming an apparently continuous array of fold trains; locally, essen-
tially unfolded, fiat-lying to moderately dipping homoclinallevels are structurally 
overlain by tightly folded units and vice versa (e.g., south and west of Cosmo How-
ley), and north and northwest of the Burnside Granite, where the Gerowie Tuff and 
the Mount Bonnie Formation occupy a very large area, considering their thickness 
(::;500 m each), especially where the recorded dips are mainly to the north. In the 
absence of significant variations in layer-thickness in the folds in this area, this ge-
ometry suggests thickening by thrust stacking, as has also been concluded for the 
area south of the Burnside Granite (Johnston, 1984). 
A folded decollement has been identified at the base of the Koolpin Formation, 
separating it from the Wildman Siltstone (Johnston et al., 1983). This is confirmed 
in the structure of the Cosmo Howley deposit which is described in Chapter 3. 
In contrast to the thrusts, zones of brittle fracture and brecciation which formed 
in response to folding by small amounts of flexural slip between lithologies of different 
competence, are found in every anticline and are continuous along strike where 
exposed. In steeply-dipping fold limbs, these zones became the most common locii 
of quartz veining and gold mineralisation during granite intrusion. 
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1.2.2 Syn-granite deformation 
Deformation during granite emplacement may have played an important role in 
focusing Au-mineralizing fluids into syn-granite structures. Comparison of the age 
of the Barramundi Orogeny (1880-1865 Ma, Etheridge et al., 1987) with that of the 
earliest large granite mass (Stuart-Smith, 1985; Stuart-Smith et al., 1993) reveals 
a time-gap of at least 35 Ma, suggesting that there are no genetic relationships 
between this syn-granite and earlier deformation. 
The syn-granite deformation was recognized early in this century by Jensen et al. 
(1915) who suggested that granite intrusion was responsible for deformation in the 
inner aureoles of the Pine Creek granites. This deformation is evident in the aureoles 
of the Fenton, Burnside, Shoobridge, and McMinns Bluff plutons where granite con-
tacts crosscut north-trending folds. Especially, between the Burnside and McMinns 
Bluff plutons these folds are distorted trending northwest-southeast steepening in 
plunge next to the contacts by contrast with the regional north-south trend and close 
to horizontal plunge, respectively (Fig. 1.1). While these observations suggest local 
doming, the Cullen Batholith as a whole appears as a large sill-shaped body with 
shallow-dipping contacts. This is supported by the far extent of hornfels from the 
intrusive contacts (Stuart-Smith and Needham, 1985) and geophysical data which 
suggest that granite underlays most of the region at shallow depth (Tucker et al., 
1980, and also unpubl. areomagnetic data). 
As another expression of syn-granite deformation, intrusion of the Burnside 
Granite (Fig. 1.1) fragmented and displaced sills of the Zamu Dolerite. These are 
boudins in a matrix of carbonaceous Koolpin Formation adjacent to the intrusive 
contact. In the latter, mylonites with synkinematic K-feldspar porphyroblasts, and 
biotite schists with extensional crenulation cleavage are developed. The fabrics in 
these rocks indicate that shearing and stretching continued while the inner aureole 
prograded above the K-spar + alumosilicate isograde. Indications for comparable 
stretching were found also in the carapace of the Mount Goyder syenite at Tom's 
Gully. 
The deformation fabrics around the Burnside granite and at Woolwonga indicate 
that stretching was radial to this intrusive as lineations dip radially away from the 
contacts, as do slickolites1 in quartz veins which occupy listric ring faults. For the 
Mount Shoobridge pluton similar ring faults have been described by Burke (1987). 
1Slickolites are stylolites oblique to the fault surface (Ramsay and Huber, 1987). 
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Because of the late emplacement of some stocks in the Cullen batholith, it seems 
likely that sequential intrusion promoted continued stretching of the hanging wall of 
the intrusive. This stretching may have induced the dilation of pre-existing zones of 
weakness like the brecciated contacts between beds of different tectonic competence. 
Such dilation would have fostered the role of these contacts as flow paths of fluids. 
The sheared K-spar porphyroblasts in the inner aureole of the Burnside granite 
are commonly replaced by randomly oriented tourmaline needles which overgrow the 
biotite foliation. In places, tourmaline amounts to 80 % of the rock. This overprint-
ing indicates that granite-driven hydrothermal alteration outlasted deformation and 
occurred largely under static conditions, i.e. little further strain accumulation. 
Apart from deformation which can be related directly to granite intrusion, there 
are a number of regional deformation structures the formation of which appears 
to have overlapped the long period of granite emplacement (see also Stuart-Smith, 
1985; Needham et al., 1988). 
A prominent strike-slip fault in the region is the 2::80 km long Pine Creek Shear 
zone (PCS) significant movement of which postdates the emplacement of intersected 
granitoids (Stuart-Smith, 1985). However, the occurrence of pegmatitic vein sys-
tems along this shear-zone indicates that it was active during crystallization. Fur-
thermore, the trend and structural style of the PCS is similar to the transpressional 
deformation accompanying gold mineralization at the Enterprise Mine, the Wool-
wonga Deposit, and Union Reefs which all occur near this structure. Hence the PCS 
may have played an important role in focusing mineralizing fluids. 
East-west trending superposed folds (which were described by Johnson (1984) 
as open folds modulating the limbs of the regional anticlines on a 5 to 150m-scale), 
can be observed over the whole area from the north of the Burnside Granite down to 
Pine Creek, and also to the east around the Moline gold mine (Hughes, 1990). On 
a 1:25,000 scale map, they appear as weakly expressed dome and basin structures 
(e.g., Golden Dyke Dome (Nicholson, 1980), cf., Fig. 1.1). Where the superposed 
folds have a short wavelength it can be seen that they deform granite-related aplite 
dikes which cross-cut the Barramundi folds. This indicates that the superposed 
folding postdates early stages of the emplacement of the Cullen Batholith. 
However, at the Cosmo Howley Deposit and at the Mount Shoobridge Au-Ta-Sn 
Mine (Burke, 1987) pegmatites and greisen veins cross-cut the superposed folds. 
This observation suggests that late-stage granitic magmatism outlasted the episode 
of superposed folding. 
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1.2.3 Post-granite deformation 
Two later deformation events, or one event that evolved in character, have shaped 
the regional structure of the Pine Creek Inlier and were associated with major ret-
rogression of contact-metamorphic mineral assemblages both on the regional and on 
the gold-deposit scale. They are the cause of intense deformation and modification 
of gold-associated assemblages at Cosmo Howley and other deposits. 
Firstly, a second set of reverse faults and thrusts developed during east-west 
compression. Secondly, a number of strike-slip, oblique-reverse, and oblique-normal 
faults were formed in a similar tectonic regime. 
Most of the reverse faults dip to the west or west-northwest at 30-65° (e.g., 
Mount Shoobridge Fault, Burke, 1987; reverse faults at Bridge Creek and Howley 
Creek, G. Partington, pers. comm.). At the Cosmo Howley Deposit, the reverse 
faults contain dilational jogs infilled by hydrothermal carbonate (mainly dolomite), 
up to 15 m across. This is are described further in Chapter 3. 
The reverse faults imbricate and cross-cut the granites and the earlier Barra-
mundi thrusts. Therefore they appear as genetically unrelated to the pre-granitic 
thrust-deformation. (Table 1.1). A reactivation of unfolded pre-granite thrust struc-
tures however cannot be ruled out on the basis of the available structural evidence 
(Etheridge, pers. comm. ). 
In many cases the reverse faults are intersected and offset by oblique-reverse 
and strike-slip faults such as the Hayes Creek Fault (Fig. 1.1) which was described 
earlier as the Groves Hill-cross-flexure (Walpole et al., 1968). The Hayes Creek Fault 
is prominent on the aeromagnetic images where it appears as two parallel zones 
of low magnetic susceptibility reflecting the replacement of pyrrhotite by pyrite. 
The Hayes Creek Fault consists of several southwest-striking, northwest-dipping 
subparallel fault zones with horizontal displacements greater than 700 m. The fault 
continues into the McMinns Bluff Granite where it appears as a shear zone with 
cataclasites. Here, SC-fabrics record a dextral oblique-reverse displacement that is 
present also in kink-faulted Mid-Proterozoic Tolmer Group sandstone. 
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This rock forms an escarpment south of Hayes Creek, which is indicative of a 
displacement greater than 50 m if interpreted as the result of relief inversion. Conse-
quently, movement on the Hayes Creek Fault took place or was resumed almost 300 
Ma after the emplacement of the Burnside Granite, following uplift and substantial 
erosion of the Barramundi orogen as indicated by the thick terrestrial sandstone 
cover which rests directly on the granites. Even, if the deformation of the Tolmer 
Group (Needham et al., 1988) is assumed to be associated with the last increments 
of movement on the Hayes Creek Fault, the accompanying quartz veining, chlori-
tization, and silicification of the sandstone must be considered post-Tolmer events. 
The mylonites and cataclasites in the McMinns Bluff Granite west of Hayes Creek 
(Fig. 1.1) formed in the stability field of biotite and K-feldspar while plagioclase was 
albitized and sericitized. This may indicate re-heating of the region. 
Along the Hayes Creek Fault are several occurrences of base-metal and silver 
mineralization (e.g. Iron Blow (cf., Crohn, 1968; Stuart-Smith, 1985), Fig. 1.1). 
The Woodcutters Pb-Zn-Ag deposit (Taube, 1991; Smolonogov and Marshall, 1993) 
lies near the Mid-Proterozoic to Cambrian Giants Reef Fault (Stephannson and 
Johnson, 1976) which appears as a conjugate fault to the Hayes Creek Fault on the 
aeromagnetic images of the region. This imagery suggests also that the Pine Creek 
Shear Zone is post-dated by the Hayes Creek Fault which in turn is postdated by 
normal faults that, may be related to the formation of the Daly River Basin to the 
southwest (Table 1.1, cf., Stuart-Smith, 1985). 
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1.3 Timing of Gold Mineralization 
Gold mineralization in the Pine Creek Inlier formed in two stages the second of which 
did not contribute stand-alone economic resources but upgraded some already exist-
ing deposits. The first-stage was dated as coeval with the main stage of the Cullen 
Batholith (e.g., McMinns Bluff and Allamber Springs Granite, Table 1.1) ) with the 
SHRIMP-ion microprobe, using hydrothermal xenotime, monazite, and zircon from 
within a gold-bearing quartz vein from the Goodall Gold Deposit (Compston and 
Matthai, 1994). 
This section describes structural constraints by the aid of which the timing re-
lation between gold mineralization, granite-emplacement, and pre- to post- granite 
deformation was established for the Cullen Mineral Field. Gold mineralization at 
Glencoe and Woolwonga (Fig. 1.1) serve as illustrative examples. Cosmo Howley is 
described in much more detail in Chapters 3-5. 
1.3.1 Glencoe Prospect 
The Glencoe prospect comprises four shallow open pits and exploration drill pads 
and is located 3 km south of the Burnside Granite to the east of the Cosmo How-
ley deposit (Fig.1.1). Various generations of quartz veins are hosted by siltstones, 
graywacke, and carbonaceous slate beds. The metasediments form open, concentric 
folds with amplitudes of 150 to 200 m (Fig. 1.6A, B). These are pre-granite struc-
tures and formed during the Barramundi Orogeny (Table 1.1). The trend of the 
Barramundi fold axis in this region is close to northwest-southeast and small dome 
and basin structures developed during the superposed-folding reflecting compression 
oblique to the fold-axis. 
Four quartz-vein generations are present at Glencoe (Fig. 1.6). Their gold con-
tent is known from the results of a commercial study (unpubl. rep., J. Cowan 
(1985, CMS) which is broadly consistent with assay-results from own samples (Ta-
ble 1.2). The oldest vein-set consists of tension gashes parallel to the slaty cleav-
age of the antiforms and is fragmented along bedding contacts due to flexural slip 
during folding (Fig. 1.6B). These veins are barren. The second vein generation is 
bedding-concordant and syn-contact metamorphic, as indicated by alteration haloes 
of disseminated K-spar+andalusite+biotite. It contains most of the gold (Table 1.2). 
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Figure 1.5: Formation of crack-seal veins in hornfels. Successive stages of vein growth 
during which wallrock and mineral fragments become incorporated into the vein ( cf., 
Ramsay, 1980; Cox, 1987). 
The third "vein" generation (Table 1.2) consists of pegmatites which have been 
emplaced in south-dipping normal faults (Fig. 1. 7). These faults intersect the 
bedding-concordant crack-seal veins2 . The pegmatites have been subjected to su-
perposed folding as evident from the refraction of a second foliation ( crenulation 
cleavage associated with superposed folding) across them (Fig. 1. 7). 
Observations of the fourth vein set were restricted to drillcore so that its relative 
timing was established only from vein-paragenesis (Table 1.2). This set consists 
2 Crack-seal veins (Ramsay, 1980; Cox, 1986) form during successive stages of quartz precip-
itation followed by repeated crack formation. When the cracks develop predominantly at the 
vein-wallrock interface the vein grows antiaxially. Then, the core of the vein is older than the vein 
margin. Frequently, new cracks deviate into the host rock so that rock-fragments are incorporated 
in the vein during its growth. 
REGIONAL SETTING OF MINERALIZATION 
Vein Set Features 
1 tension gashes 
2 bedding concordant, mas-
sive and crack-seal tex-
ture, alteration halo with 
disseminated 
arsenopyrite 
3 pegmatite veins, 
tension gashes, vuggy 
4 breccias, shears 
Mineral Assemblage 
quartz+sericite+pyrite 
K-feldspar+andalusite 
+biotite+cordierite 
+arsenopyrite+pyrrhotite 
vem: pink-orthoclase+ 
microcline+quartz 
+dravite+rutile; halo: 
microcline+ Ti-
biotite+dravite, 
muscovite 
chlori te+serici te+cal cite 
+pyrite+chalcopyrite+ 
chalcotite+quartz+rutile 
Gold Grade, ppm 
50.01 
3.5, 2.9-35.0* 
1-6* 
4.5* 
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Table 0.1: Vein generations at the Glencoe prospect. Asteriscs mark gold contents de-
scribed in an unpublished petrology report ( J. Cowan, 1985, CMS-Consultants ). Own 
samples which also indicate that the host rocks near the mineralized veins contains less 
than 0.5 ppm gold are cataloged as AS218 in Appendix B. 
mainly of irregular breccia zones marked by intense chloritization of the contact 
metamorphic mineral assemblage, so that it is assumed that the fourth set is the 
youngest. This assumption is corroborated by the limited recrystallization in this 
set while the sets 1-3 are all completely recrystallized. Chloritization and sericitisa-
tion left its imprint also on the other vein assemblages, especially on cordierite and 
K-feldspar, respectively. In the open pit, both a 40-70 ern wide bedding-concordant 
vein and some pegrnatitic tension gashes occur directly beneath a 5 rn-wide car-
bonaceous slate bed (Fig. 1.6 A). 
The orientation of the vein sets and deformation structures at Glencoe helps in 
relating these to the regional geologic context. Noting that the Burnside Granite is 
younger than the McMinns Bluff Granite (Fig. 1.1) and that it was emplaced during 
or after the superposed folding event, the pegrnatites at Glencoe do not appear to 
be related to this intrusion but may be indicative for the subsurface extent of the 
main volume of the Cullen batholith. 
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Figure 1.6: Opposite page: Fold style and syn-fold veins at the Glencoe prospect. 
A - Northwest pit, view from the east: Concentric open fold containing a superposed-
folded pegmatite vein in the hinge zone beneath a carbonaceous slate layer. 
B - Photo: Pre-granite-, regional-metamorphic vein set displaced by bedding-parallel flex-
ural slip during folding in the Baramundi Orogeny. 
B 
A 
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Figure 1. 7: Schematic block section of the geology of the Glencoe prospect and cross-
cutting relations among the vein generations. ss1 and ss2 refer to foliations formed during 
the Barramundi event and during superposed folding, respectively. The plunge of the 
anticline is 5 degrees northwest, but a reversal occurs over a distance of 130 m to the 
southeast. The joint sets indicated on the top of the block-section also formed during the 
north-northwest-south-southeast compression of the superposed folding event. 
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1.3.2 Woolwonga Gold Mine 
The Woolwonga gold mine is located 30 km east-northeast of Cosmo Howley at a 
distance of about 12 km from the surface exposure of the Burnside granite (Fig. 1.1). 
Gold was discovered and mined by the Chinese at the turn of this century and the 
mine was reopened in 1991 with an estimated resource of 2:10 tonnes of gold. The 
deposit is hosted by metapelites and graywackes of the Mount Bonnie and Burrell 
Creek Formations. These rocks also include carbonaceous intercalations in which 
the quartz-vein hosted mineralization is richest. At Woolwonga two stages of gold 
mineralization are present as shown by the cross-cutting relationships of a number 
of vein systems (Fig. 1.8). 
2cm 
Figure 1.8: Vein generations at the Woolwonga gold mine ( drillcore sample 93286, hole 
W532D, 133.1-133.2 m). A bedding-concordant crack-seal vein of gold stage 1 (V1) is 
cross-cut by a fracture vein (V2) with disseminated arsenopyrite around it. Both veins are 
transsected by ankerite filled fractures reflecting late deformational overprint, base metal 
and gold mineralization 2. 
The first stage of gold mineralization comprised bedding-concordant veins which 
are gold- and arsenopyrite-rich (2:40 ppm Au) in the vicinity of carbonaceous slate 
horizons (V1 in Fig. 1.8, Table 1.3). The accompanying alteration assemblage is K-
feldspar+andalusite+biotite+muscovite+cordierite. As shall be discussed later, this 
assemblage indicates a temperature of vein formation which is indistinguishable from 
that indicated by the peak-contact-metamorphic assemblages in the metasediments 
well outside of the deposit. 
Veining then progressed to the formation of gold-bearing wrench-fault hosted 
veins and tension gashes which account for the largest amount of vein quartz and 
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gold in the deposit (Fig. 1.8, Tables 1.3, 1.4). The same spatial relation between 
gold grade and carbonaceous beds applies (Mat thai, 1991, unpubl. company report). 
Synkinematic fabrics with cordierite, biotite clots, K-feldspar, and disseminated 
arsenopyrite mark the fault/vein-zones. Thus, wrench-faulting occurred also near 
the peak of contact metamorphism. Only small quantities of gold are present in the 
arsenopyrite disseminations in the wallrock of the gold veins. 
The bedding-concordant veins have been flexed, imbricated, and boundinaged by 
the wrench-fault deformation. This deformation style is described in the Chapter 2. 
Some wrench faults have potassic alteration haloes with disseminated arsenopyrite 
and cordierite. 
Vein Set 
1 
2 
3 
4 
4 
Features 
strongly recrystallized quartz tension gashes and 
veins, folded, imbricated, intersected by 2 
bedding-concordant quartz veins, recrys-
tallized, massive or crack-seal texture, biotite+K-
spar+cordierite+arsenopyrite halo, frequently di-
rectly below metapelitic beds, ±sulfide-rich, folded, 
dismembered by 3 
fault-hosted quartz veins and tension gashes, syn-
wrench faulting, deformed, recrystallized and boudi-
naged by further wrench faults, associated cordierite, 
arsenopyrite disseminations 
wrench fault-quartz+sulfide+carbonate +chlorite 
breccias, postdating 3, matrix-supported wallrock 
clasts, acicular quartz crystals surrounding frag-
ments, vuggy 
quartz tourmaline veins, crack-seal texture, hosted 
by straight conjugate joint sets 
Mineral 
Assemblage 
quartz±pyrite 
native-
Au+quartz+arseno-
pyrite 
+pyrrhotite+ K-
feldspar +bi-
otite+andalusite 
+cordierite+muscovite 
native-
Au +quartz+arseno-
pyrite 
+pyrrhotite+ K-
feldspar +bi-
otite+andalusite 
+cordierite+muscovite 
native-Au+galena 
+sphalerite+ pyrite 
+ankerite+chlorite 
+spessar-
tine+sericite 
+actinolite±quartz 
native-Au+quartz 
+dravite+carbonate, 
pyrite 
Table 1.3: Formation-time categories and characteristics of vein systems at Woolwonga. 
The second stage of mineralization at the Woolwonga gold mine is distinguished 
from earlier mineralization by its lower formation temperature, gold-base metal as-
sociation, pervasive carbonate precipitation, and a structurally-late timing. It is su-
perimposed on the wrench fault system but similar in style and strike of subvertical 
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faults. The mineralization occurs in gold-rich sulphide breccias and rare gold-quartz 
tourmaline veins with systematically high gold contents (Tables 1.3 1.4). The latter 
occupy conjugate joint sets which have not undergone any further deformation. 
The mineral assemblage of the second gold stage at Woolwonga appears to have 
formed during the thermal/hydrothermal event which was caused by the intrusion 
of the late Burnside Granite (Table 1.1). This overprint is retrograde, as shown 
by the chlorite/ankerite-replacement of the gold-stage 1 mineral assemblage. It is 
reflected also in the formation of porphyroblasts of Mn-almandine and Mn-biotite. 
The contemporaneity of the emplacement of the Burnside Granite and the forma-
tion of second stage mineralization at Woolwonga is supported by Burnside-Granite 
related base metal occurrences at the Rising Tide prospect (Fig. 1.1) and by the 
widespread occurrence of tourmaline-quartz veins in listric faults which formed dur-
ing the intrusion of the Burnside Granite. 
Vein Set n Au-Content, Avg. Vein Type Gold, ppm-Range 
1 3 0.05 extension veins :::;:o.o1-o.o9 
2 9 1.96 bedding-concordant veins 0.1-5.5 
3 11 1.04 extension veins 0.13-2.05 
3 27 3.56 fault veins 0.04-40.65 
4 9 5.38 sulfide breccias 0.39-12.8 
4 4 23.45 tourmaline veins 13.2-39.0 
Table 1.4: Gold concentration in vein generations at Woolwonga (ppm). n = number of 
geological features of type "Vein Set" that were sampled. During mining in 1991, a 50-
em-wide bedding-concordant vein in the footwall of a carbonaceous slate bed was found 
containing between 40 to 120 ppm Au. 
Superposed folding at Woolwonga has deformed the bedding-concordant Au-
veins and is found also in the periphery of the Woolwonga gold mine where it can 
be distinguished from the wrench fault deformation. Because the Burnside Granite 
was emplaced during or after superposed folding, bedding-concordant mineralization 
pre-dates it and is related to the broad thermal event induced by the volumetrically 
more important earlier phases of the Cullen Batholith (e.g., McMinns Bluff- and 
Allamber Springs Granite, Stuart-Smith, 1985; cf., Fig. 1.1). 
Within the wrench-fault zone superposed folds are developed which are consistent 
in orientation with the regional ones but could be interpreted as local and wrench 
fault-related. Compression inducing the wrench faulting was northeast-southwest 
which is broadly compatible with the direction of compression that is inferred from 
the superposed folds if local deviatoric stresses are invoked ( cf. Fig. 1.9). By con-
trast, the late Au-base-metal stage of wrench faulting seems to post-date the super-
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posed folds because these are locally associated with a biotite crenulation cleavage 
while base-metal deposition was accompanied by the chloritization of biotite. 
The various vein generations at Woolwonga differ in their gold content. A recon~ 
naissance study of gold grade has been conducted on the wrench fault vein systems 
at Woolwonga (Matthai, 1991, unpubl. company rep.). This survey was later sup-
plemented by samples from bedding-concordant veins, host rock, and base metal 
sulphide breccias. Over 100 rock chip samples, from sites with well-constrained 
structural timing were fire-assayed for gold in the Analabs AAS-laboratory at Cosmo 
Howley (Table 1.4). 
The highest gold contents were found in the wrench fault-hosted quartz veins and 
the late tourmaline veinlets. The wrench fault veins carry most of the ore in the 
deposit. The tourmaline veins are too scarce to contribute significant amounts of ore. 
Recently, it has been noted by grade-control drilling that the bedding-concordant 
veins also constitute important orebodies (Steve Rose, pers. comm. 8/1992). 
The gold content of isolated extension veins was systematically lower than that 
of continuous fault veins but as the former are so abundant, they constitute a sig-
nificant part of the mineralization at Woolwonga. In general the gold and sulphide 
content of vein systems is highest where these occur in the near vicinity or transect 
carbonaceous parts of the host rock sequence (Mount Bonnie Formation). 
In summary, the relationship between timing, topology, and gold grade of the vein 
systems is remarkably similar at Woolwonga and Glencoe. The same relationship 
between timing and topology of the veins also applies in the Cosmo Howley Deposit, 
where it has been studied in most detail (Chapters 3-5). In all these deposits, as 
well as in the Enterprise gold mine at Pine Creek (Fig. 1.1), bedding-concordant 
quartz veins which formed close to the peak of contact metamorphism, mark the 
first stage of gold mineralization. 
At Enterprise, Woolwonga, and other prospects, gold mineralization continued 
during wrench faulting but this mineralization is inseparable from the bedding-
concordant veins in terms of the thermal conditions under which gold was pre-
cipitated. Cross-cutting relations between equivalent vein generations consistent 
with this interpretation have been described for Mount Shoobridge (Burke, 1987; 
Mat thai, 1993, unpubl. comp. rep.) and apply to the Golden Dyke Dome deposits 
( cf., Nicholson, 1978). 
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At Glencoe and Mount Shoobridge, pegmatites which have been mined for tanta-
lum, and tin post-date bedding-concordant gold-bearing veins and pre-date wrench 
fault-hosted gold-bearing veins. The pegmatites contain up to 1 ppm gold. Thus, all 
these vein systems mark one gold deposition event in the central Pine Creek Inlier 
which was coeval with the peak of contact metamorphism at the individual sites. 
At Woolwonga a second, chemically distinct gold event has occurred in conjunction 
with base metal deposition. This event seems to be associated with the emplace-
ment of the late Burnside granite. 
As shall be discussed in the context of numerical models of contact metamor-
phism in a later section, gold stage 1 veining at Mount Shoobridge is not necessarily 
exactly time-equivalent to gold stage 1 at Woolwonga as these deposits occur near 
different parts of the sequentially intruded Cullen Batholith (Table 1.1). The ob-
servation which is germane to the entire contact aureole of the Cullen Batholith is 
the relationship between granite intrusion, contact metamorphism and gold-quartz 
vemmg. 
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Figure 1.9: Opposite page: Woolwonga Anticline. Lower hemisphere projections give the 
orientation of poles to bedding planes measured in the costeans across the Main Ridge. 
From the bedding planes the plunge of the fold axis f3 was constructed for the respective 
section. Plunge and declination vary parallel to the Anticline because of the superposed 
folding and the wrench faulting that imposed additional folds and flexures with 2-50 m 
wavelength. The reverse faults were mapped by surface exposures of individual Au-quartz 
veins thicker than 20 em or by swarms of smaller veins. The highest degree of disruption 
indicated by the stereograms coincides with the locations where a major oblique reverse 
faults intersect the hinge zone of the Woolwonga Anticline. 
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1.4 Contact Metamorphism, Fluid Sources and 
Compositions 
Because most of the gold mineralization in the central Pine Creek Inlier formed dur-
ing contact metamorphism, it is important to constrain the pressure, temperature, 
and the magnitude and orientation of transient thermal gradients which character-
ized this interval of the geologic evolution. 
Ferguson (1980) provided an initial overview on the metamorphic evolution of 
the central Pine Creek Inlier and characterized the stocks of the Cullen Batholith as 
high level intrusions which heated most of the region to temperatures between 400 
and 500°C. Noticing the wide-spread K-feldspar+andalusite assemblage, Ferguson 
further inferred that pressure during contact metamorphism was below 250 MPa. 
Pre-granite, regional metamorphism is poorly constrained by the paragenesis Fe-
chlorite+sericite+green biotite+quartz which is common to weakly contact-metamor-
phosed metapelites (e.g., in the Francis Creek area in the northeast of Pine Creek, 
Matthai, 1992, unpubl. comp. rep.). This hydrous assemblage indicates limited 
devolatilization and typifies the very-low grade of metamorphism (Winkler, 1976). 
The excellent preservation of felsic glass shards in vitric Gerowie Tuff from 25 km 
northeast of the Burnside Granite (Stuart-Smith et al., 1993) further corroborates 
the inference that very low temperatures were reached during regional metamor-
phism. Temperatures and pressures during the formation of the contact metamor-
phic mineral assemblages can be estimated more accurately by the application of 
experimentally calibrated geothermometers and geobarometers. Their application 
requires estimates of the activity of water in the fluid( s) which migrated through the 
contact aureole during gold-quartz veining. Such estimates are discussed together 
with devolatilization equilibria which allow to characterize the composition of the 
metamorphic fluid. This characterization will be important in the discussion of 
gold transport and precipitation mechanisms in Chapter 6. Alumo-silicate-, garnet-
biotite FeMg-exchange geothermometry, and phengite geobarometry were applied. 
Through iteration, T- and P-variant equilibria were matched (Table 1.5). The cali-
bration involved the devolatilization reactions 1.1- 1.6 
Muscovite+ Quartz :;:::::: K- feldspar+ Andalusite + H2 0 (1.1) 
Andalusite :;:::::: Sillimanite (1.2) 
Quartz+ Andalusite + Annite :;:::::: Almandine+ Muscovite (1.3) 
Phengite :;:::::: Muscovite+ K- feldspar (1.4) 
+ Phlogopite +Quartz+ H2 0 
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Reaction 1.1 was calibrated experimentally for a range of water activities (Ker-
rick, 1972; Schramke et al., 1987, cf., Fig. 1.10). 
The second reaction 1.2 is XH2 o-independent (e.g., Holdaway, 1971). For the 
third reaction, the temperature calibrations for Fe-Mg exchange between garnet 
and biotite (Ferry and Spear, 1978) and Mn-garnet and biotite (Perchuk, 1981) 
were applied. 
Geobarometric data is derived from reaction 1.5 based on the MgAl-exchange be-
tween celadonite (KMg2[AhSi20w](OH)2) and muscovite (KAh[AlSi3010](0H)2) in 
the presence of the limiting assemblage of phlogopite + K-spar +quartz (Fig. 1.16). 
Massonne and Schreyer (1987) developed this geobarometer and discuss the applica-
bility of their calibration on Fe-bearing natural assemblages with the following con-
clusions: octahedral Fe in muscovite lowers the Si-content. Therefore the estimated 
pressure is too low. Quantitatively, the Fe-substitution of 1/2 of the octahedral Al 
in celadonite lowers the pressure by up to 500 MPa. Therefore pressure estimates 
from muscovite with significant amounts of Fe (2::2 Wt%) should be regarded as 
minimum estimates. Also, phengite which forms in the absence of the limiting as-
semblage still defines a minimum pressure. 
On the other hand, a lower water activity leads to a higher indicated pressure; 
for example the pressure indicated at aH2 o = 0.2 is approximately 100 MPa higher 
than that at aH2 o = 1 (Massonne and Schreyer, 1987, Fig.11., p. 221). Massonne 
and Schreyer also describe evidence that the Si-content of phengite is not altered 
easily by metamorphism or hydrothermal alteration. This applies under the proviso 
that the Si-content is calculated excluding the alkalis which are often deficient in 
low grade and medium grade muscovites (Loucks, 1990). Accordingly, all muscovite 
analysis were normalized to 6 kations per formula unit. 
The activity of water in the metamorphic fluid is estimated considering that 
contact metamorphism involves four types of chemical reactions, dehydration (1), 
decarbonation (2), pyrolysis (3), and sulphidation-desulphidation ( 4). These reac-
tions determine the composition of the metamorphic fluid. 
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Figure 1.10: The equilibrium muscovite + quartz =Ius + Al-silicate + H20 (Kerrick, 
1972). The PT-equilibrium for andalusite-sillimanite (Al2SiOs-polymorphs is taken from 
Holdaway (1971), and the granite melting curve from Piwinskii (1968) and Boettcher and 
Wyllie (1968). Circled numbers indicate curves for the reaction and granite-melting at 
fixed XH 2 o. 
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Dehydration reactions produce mainly H20 with some dissolved cations. This 
promotes a water activity of 1. The most common dehydration reactions in the 
central Pine Creek Inlier apart from reaction 1.1 and 1.3 were, 
Chlorite+ Phengite +Quartz ~ Garnet+ Biotite+ H20 (1.5) 
Chlorite+ Muscovite+ 2Quartz ~ Cordierite + Biotite+ 4H20 (1.6) 
Simple dehydration would have characterized the devolatilization of non-carbo-
naceous and carbonate-free greywackes, siltstones, and tuff which form the major 
part of the Pine Creek sequence (Needham et al., 1980; Matthai and Henley, in 
prep.). 
Decarbonation reactions produce mainly carbon-dioxide, decreasing the water 
activity. Because they require carbonate reactants, these reactions should have 
been largely restricted to the dolomite-bearing carbonaceous metapelites in the cen-
tral Pine Creek Inlier (cf., Needham et al., 1980; Matthai and Henley, in prep.). 
Apart from carbonate dissolution, three decarbonation reactions which occurred 
during contact metamorphism are recorded locally by the mineral assemblages in 
carbonaceous slates of the Koolpin Formation (cf., Table 1.1, Fig. 3.2, Chapter 3). 
Calcite + Quartz + Rutile ~ Titanite + C02 
Fe - Dolomite + Quartz ~ Actinolite + C02 
Fe - Dolomite+ Quartz ~ Grossular + C02 
Thirdly, pyrolysis-reactions of the form 
(1.7) 
(1.8) 
(1.9) 
(1.10) 
decrease the water activity in favour of carbonic species like carbon dioxide or 
methane (e.g., Poulson and Ohmoto, 1989). An equilibrium is reached at an f02 
favouring maximum stability of graphite (Figs. 1.11, 1.12 B). 
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Figure 1.11: Devolatilization equilibria in carbonaceous metapelites (adapted from 
Ohmoto and Kerrick, 1977, p. 1026, Fig. 8). Dehydration of carbonate-free, carbonaceous 
slate involving the formation of K-spar (Kfs) and andalusite (And) which are common 
metamorphic minerals in the central Pine Creek Inlier. Arrows indicate the prograde fo 2 -
T-path in the presence of graphite. Prl = pyrophyllite. Graphite max and Granite min 
refer to the maximum stability of graphite and the lowest temperature of hydrous melting 
of the pelitic mineral assemblage, respectively. Capital letters denote f0 2-buffers: H/M = 
hematite/magnetite; NO/N = nickel/nickel-oxide; M/W = magnetite/wustite. 
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Figure 1.12: Water content of a metamorphic fluid in equilibrium with carbonaceous 
metapelites as a function of pressure and temperature (1). Isopleths of maximum XH2 o 
of a fluid in equilibrium with graphite + pyrrhotite + pyrite ( Ohmoto and Kerrick, 1977, 
see also Fig. 4, Poulson and Ohmoto, 1989). 
In carbonate-free carbonaceous slates dehydration and pyrolysis should have oc-
curred together and in dolomite-bearing carbonaceous slates all the three types of 
reactions are inferred to have progressed simultaneously. Ohmoto and Kerrick (1977) 
calculated that in the carbonate-free case, fluids evolve through continuous reaction 
along an f0 2 near the maximum stability of graphite (Fig. 1.11). This applies un-
til temperature approaches the stability limit of muscovite and quartz where the 
fluid evolves to maximum XH2o by further dehydration and the increase in f0 2 with 
temperature decreases. At lower temperature this behaviour applies also to the de-
hydration reactions forming garnet, biotite, and cordierite (cf., Labotka, 1991), so 
that the fluid is expected to evolve relatively close to maximum XH2 o (Fig. 1.12). 
In carbonate-bearing carbonaceous slates, the f0 2-temperature path is different. 
The fluid may evolve near the upper f0 2 stability limit of graphite (Ohmoto and Ker-
rick, 1977). Hence, the fluid can become C02-dominated (C02 ::::: 0.5) near 500°C, 
the temperature maximum for the formation of tremolite (actinolite in Pine Creek 
rocks) and K-spar (Ohmoto and Kerrick, 1977; Labotka, 1991). Importantly, in 
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both the carbonate-bearing and the carbonate-free carbonaceous slate, dehydration 
or decarbonation reactions create conditions which favour the formation of hydrous 
gas mixtures with C02 /CH4 ~ 1.0 at temperatures around and above 500°C. This 
is confirmed by a closed system simulation of the fluid composition where a typi-
cal Pine Creek carbonaceous slate has been represented by the mineral assemblage 
graphite+ annite + K-spar +pyrrhotite+ andalusite +albite+ quartz (Fig. 1.13). 
Details of this thermodynamic calculation are described in Appendix C. The results 
indicate an XH2 o near 0.65 at 550°. 
Poulson and Ohmoto (1989) calculated a similar value of XH2 o as a function of 
PT in the C-0-H-S system and the buffering assemblage graphite+pyrite+pyrrhotite 
(Fig. 1.12). Their XH2o values are slightly lower than values calculated for interbed-
ded carbonaceous shale and argilliceous limestones of medium metamorphic grade 
from the Waterville Formation, Maine (Ferry, 1987). This discrepancy can be due 
to high concentrations of sulphur species in Poulson and Ohmoto's model, because 
this system is buffered with pyrite. In metapelite sequences, pyrite can become 
exhausted at higher metamorphic grade (Poulson and Ohmoto, 1989). This seems 
to have occurred in the carbonaceous metapelites of the central Pine Creek Inlier 
which contain only pyrrhotite remote from mineralization. This is consistent with 
a calculated total sulphur content of the fluid less than 1 mole / kg (Fig. 1.14). 
Hence, the XH2o-values in figure 1.13 are regarded as lower bounds for carbona-
ceous carbonate-free metapelites. 
As the non-carbonaceous lithologies must have been infiltrated by metamorphic 
fluid from carbonaceous lithologies (see fluid flow modelling results Part II), an XH2 o 
of 0.9 has been adopted as the limit for geothermo- and geobarometric calculations 
on assemblages from non-carbonaceous lithologies. In this context, the experiments 
of Schramke et al. (1987) have shown that reaction 1.1 leads to the formation of 
mullite instead of andalusite if Xco2 is very high (~ 0.4). This places an upper 
bound on Xco2 both in carbonaceous and non-carbonaceous rocks because they all 
contain andalusite. 
Both of the adopted values of XH2 o fall into the range of typical metamorphic 
fluids at the boundary between medium to high grade environments as constrained 
by fluid inclusion studies (Frey, 1980a, Roedder, 1984). There is also no uncer-
tainty with respect to the prograde environment crucial to fixing XH2 o regarding 
reaction 1.1. 
The discussion of the water activity of the contact metamorphic fluid highlights 
that both the presence of carbonate and carbonaceous matter have a strong influence 
on the composition of the evolving fluid. Thus, the strong heterogeneity of the 
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metamorphic host-rock sequence with respect to these components (Matthai and 
Henley, in prep.; Needham et al., 1980) must have been reflected in the composition 
of the locally generated metamorphic fluid. 
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Figure 1.13: Water content of a metamorphic fluid in equilibrium with carbonaceous 
metapelites as a function of pressure and temperature (2). Modelled fluid composi-
tion in equilibrium with graphite and the mineral assemblage pyrrhotite+annite+K-
feldspar+andalusite+albite+quartz at 200 MPa; Xco2 ~ XcH4 • 
As will be discussed, magmatic fluid which may have been present already during 
the formation of the aH2 0-sensitive assemblages, is inferred to have had an XH2 o 
close to 1. 
In summary, it seems reasonable to infer that prograde XH2 o in the prevailing 
non-carbonaceous carbonate-free metasediments in the central Pine Creek Inlier was 
above 0.9. In carbonaceous slates XH2o would have been above 0.6 (0.8-0.55 be-
tween 500 and 600°C), with the exemption of carbonate-rich units producing mainly 
carbon-dioxide. Although carbon-dioxide should have dominated over methane at 
temperatures above 500°C their relative abundances in the fluid in carbonate-free 
carbonaceous slate should have been nearly the same. The sulphur concentration in 
the metamorphic fluid is inferred to have been below 1 mole kg-1 (Fig. 1.14). 
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Figure 1.14: Sulphur concentration and speciation in an aqueous fluid in equilibrium with 
the typical mineral assemblage in contact-metamorphosed metapelite from the central 
Pine Creek Inlier. The sulphur fugacity as a function of temperature and the speciation of 
sulphur were based on the equilibrium annite + S2 = pyrrhotite + K-spar + H2 0 buffering 
assemblage at 200 MPa, using SUPCRT93, and the Holland and Powell (1990) mineral 
database modified following the suggestions of Sverjensky et al. (1991). The activity of 
annite was calculated assuming ideal solid solution and XAnn = 0.6 as an average value of 
the analyzed biotites (Appendix A). 
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1.4.1 Peak-Metamorphic Temperatures and Pressures 
PT -conditions during contact metamorphism and gold mineralization have been in-
vestigated in a suite of selected samples from the central Pine Creek Inlier (Figs. 1.15, 
1.16, Table 1.5). In summary, the results indicate pressures around 200 MPa, high 
peak-metamorphic temperatures (550- -620°C), and small horizontal temperature 
gradients in most of the area between the Burnside Granite and the McMinns Bluff 
Granite, and around Pine Creek (Fig. 1.1). The geothermometric and barometric 
constraints imposed by the mineral assemblages in the samples (Table 1.5) are de-
scribed in detail in the following subsections together with the sample localities and 
paragenetic relationships. 
Sample Locality Lithology Contact Met. Assemblage T,°C P, MPa 
93190 EP, 5 km N hornfels Crd+Kfs+Bt+And+Qtz 590-620 
93198 PP, 6 km N Kf-hornfels Alm+sill+ Kfs+ Ms+ Bt 595 250 
+Qtz 
93226 HC hornfels mu+K-spar+And+Qtz 590-620 250-270 
93227 HC, 3.3 km E meta- Ms+ Bt+ Kfs+Qtz 590-620 
greywacke 
93231 HC, 2.2 km E meta- Bt+Ms+Kfs+And+Crd 590-620 200-230 
psammite +Qtz 
93233 GDD and- Gr+Ms+And+Bt+Kfs 550-590 
hornfels +Qtz 
93235 BC, 15 km S cd-hornfels Ms+Kfs+Ah+Bt+Qtz 590-620 250 
Chl+Ms+Qtz (370?) 
93245 MS bio-schist Kfs+Bt+Qtz ~ 430 
93267 ZP qtz-vein Gr+ Bt+ Kfs+Crd+Qtz 580-620 250 
selvage 
Sps+ Bt+Chl+Cal+ Ms+Qtz (407) 
93271 ww metapelite repl.Crd+Mn- 580-620 250 
Alm+ Bt+ Ms+ Kfs+Qtz 
Mn- (350) 
Alm+ Bt+Chl+ Ms+Qtz 
93384 EP Au-vein Kfs+Bt+And+Crd+Bt 580-620 
selvage +Qtz 
93415 ww QVl in C- Gr+act+ Ms+ Kfs+Qtz ? 
slate 
Table 1.5: Samples used in the petrologic study on contact metamorphism. Localities: 
Hayes Creek (HC); Woolwonga Gold Mine (WW); Golden Dyke Dome (GDD); Bridge 
Creek Mine (BC); Mount Shoobridge (MS); Zapopan Lease (ZP); Enterprise Gold Mine 
(EP); Plateau Point (PP). The short forms e.g., "5 km N" indicate sampled roadcuts along 
the New Stuart Highway relative to the locality (Fig. 1.15). Abbreviations of mineral 
names as recommended by Kretz (1983), see also Appendix A. C-slate = carbonaceous 
slate. Error bars on temperatures in braces: ±40°C (Ferry and Spear, 1978; Perchuk, 
1981) Where the pressure could not be established independently, the temperature bracket 
reflects a pressure range of 200-250 MPa. 
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Figure 1.16: Pressure estimates based on the Si-content in muscovite (adapted from 
Massonne and Schreyer, 1987). Sample derivation: Hayes Creek (HC1), 2.2 km east of 
HC1 (HC2), 15 km south of Bridge Creek (BC), Zapopan (ZP), Woolwonga (WW), Cosmo 
Howley QV3-stage (CH, Chapter 5). 
The NE-Margin of the Cullen Batholith 
The PT -conditions in the contact aureole along the northeast-margin of the Cullen 
Batholith (McMinns Bluff and Allamber Suites, Stuart-Smith, 1985) have been in-
vestigated in the three samples 93190, 93226, and 93231 (Table 1.5). 
The first sample has been taken from the margin of a subvertical, meter-wide 
crack-seal quartz vein from the Enterprise gold mine, which formed the main orebody 
through several months in 1991. The vein contains gold, pyrrhotite, arsenopyrite, 
K-feldspar, biotite, andalusite, cordierite, and rutile. The narrow alteration sel-
vage consists entirely of K-spar and biotite with small amounts of cordierite and 
andalusite (Fig. 1.17 A). Repeatedly, fragments of this alteration selvage have been 
incorporated into the vein during vein growth (Fig. 1.17 B, cf., Fig. 1.5). The 
cordierite and biotite are partly replaced by texturally late Fe-chlorite. In the pe-
riphery of the vein the abundance of K-spar and cordierite decreases. Microprobe 
analysis of K-spar and biotite are given in the appendix volume (Appendix A). The 
K-spar has potassium endmember composition and does not show microcline twin-
ning. No muscovite was detected with the SEM. At Enterprise a bulk estimate on 
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the composition of fluid inclusions from Au-vein quartz has been obtained (Hoffman, 
1987). These fluids are water-dominated with up to 20 mole% C02 and significant 
amounts of alkanes and alkybenzenes which are generated by the thermal decompo-
sition of long-chain hydrocarbons. 
The samples 93227, 93231, and 93226 are from exposures at and to the east 
of the Hayes Creek Inn (Fig. 1.15), from meta-greywacke, sandstone, and finely 
crystalline hornfels beds, respectively. All of these samples contain porphyroblas-
tic K-feldspar in textural equilibrium with muscovite and andalusite, and variable 
amounts of biotite and retrogressed cordierite. Only quantitative differences exist 
among their mineral assemblages, so that they are discussed as a group. They are 
non-carbonaceous, show no indication of primary carbonate, and have been taken 
at greater than 150 m distance to the nearest carbonaceous horizon, so that XH2o 
has been taken as $0.9. 
Muscovites are slightly K-deficient (Appendix A), contain small amounts of Fe, 
lowering their Si-content, thus giving only minimum pressure estimates ranging from 
200 to 350 MPa, for the samples 93231 and 93226, respectively, for T~ 550°C as 
defined by reaction 1.1. The XH2 o of 0.9 leads to an overestimation of pressure 
by $50 MPa. The maximum pressure is fixed by the XH2 o-insensitive andalusite-
sillimanite transition (e.g., Holdaway, 1975, see also Fig. 1.10) with sillimanite being 
absent in all of the Hayes Creek samples. Summing up these pressure constraints of 
200 to 220 MPa, the temperature ranged between 590 to 620°C. 
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Figure 1.17: Opposite page: Vein margin of Au-crack-seal vein from the Enterprise Gold 
Deposit. 
A - Thin-section micrograph from the vein selvage. As indicated by arrows the vein-
selvage and cordierite (Crd) have been fragmented and incorporated into the crack-seal 
vein. Fractured andalusite (And) and K-feldspar (Kfs) occurs in the vein, but is also 
enriched in the vein margin indicating contemporaneous formation with vein growth. 
B- Porphyroblasts of K-feldspar, arsenopyrite, and biotite in the vein (left) and its alter-
ation halo (right). The photographed vein selvage is distinguished by a yellowish colour 
in hand specimen. Both, the size of K-feldspar and cordierite porphyroblasts and their 
abundance decrease with increasing distance from the vein. 
B 
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Woolwonga Gold Mine and Zapopan Lease 
The samples 93415 and 93271, and 93267 (Table 1.5) are from the Woolwonga gold 
mine and the Zapopan lease several kilometers to the west, respectively (Fig. 1.15). 
At Woolwonga, the alteration selvages of first stage Au-veins are characterized 
by K-spar and biotite and large quantities of cordierite which is replaced by quartz, 
biotite, chlorite and muscovite. Sample 93271 contains quartz-biotite pseudomorphs 
after cordierite together with an equilibrium assemblage of Mn-almandine+biotite+-
K-feldspar+ muscovite+rutile. The sample is non-carbonaceous without textural 
evidence of primary carbonate and was taken from a 200-m drillcore segment free 
from carbonaceous beds. Hence XH2 o has been assumed as ~0.9. The sample 
93415 marks the carbonaceous vein selvage of a first generation Au-vein stage which 
contains K-spar+pyrrhotite+arsenopyrite+rutile. The selvage of this vein consists 
mainly of actinolite in textural equilibrium with K-spar and minor andalusite. The 
actinolite replaces primary carbonate and reflects decarbonation during veining. 
Garnet-biotite geothermometry applied on sample 93271 using the correction 
for manganese (Perchuk, 1981) gives 350±20°C. This result cannot be reconciled 
with the K-spar+muscovite+andalusite assemblage even if an extremely low XH2 o is 
assumed ( cf., Fig. 1.10). There is however no compositional difference between the 
biotite which replaces the cordierite and the biotite used in the calculation so that 
this temperature should reflect stage 2 mineralization. This would apply also to the 
muscovite so that pressure has been calculated for such a low formation temperature. 
In fact, the slightly alkali-deficient muscovites have high Si-contents (Appendix A) 
and contain small amounts of Fe so that they would indicate pressures around 350 
MPa at 500°C (Fig. 1.16). At 350°C the muscovites indicate a pressure of 2:270 MPa, 
reducing to 2:220 MPa at XH2 o = 0.9, which compares well with the Hayes Creek 
samples. The K-feldspar+ andalusite+biotite+muscovite assemblage is indicative 
of peak metamorphic temperatures in the range of 580-620°C and pressures lower 
than 230 MPa (Fig. 1.10). This is emphasized by the peak metamorphic presence 
of cordierite which is unstable below 520°C (experiments at 200 MPa, Hirschberg 
and Winkler, 1969). Thus peak metamorphic conditions seem to have been similar 
to those at Enterprise or Hayes Creek. 
Most of the drillcore from the Zapopan lease to the west of Woolwonga has 
been subject of intense chloritization coupled with carbonate precipitation accom-
panying deformation which overprints Au-quartz veins with K-spar+biotite-bearing 
alteration haloes. The sample 93265 represents the selvage of an Au-vein from 
a high grade interval and contains visible gold. The sample has been extremely 
altered to Fe-chlorite. This chlorite partly replac~s biotite and K-feldspar. Garnet-
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biotite geothermometry has been applied on Mn-garnet with the highest Ca-contents 
(:::::i 10wt.%, Appendix A) observed in this study, again using the Mn-correction of 
Perchuk (1981). This application gives 407 ± 20°C. Again this temperature indi-
cates a formation or re-equilibration during retrogression if the pressure estimate 
from Woolwonga is used. No muscovite was detected with the SEM in the sam-
ple. It seems unlikely that the pressure was significantly lower than at Woolwonga, 
so that the K-spar-biotite-andalusite assemblage again reflects a peak metamorphic 
temperature, as at Woolwonga. 
Mount Shoobridge, Plateau Point and Bridge Creek 
The three samples 93245, 93198, and 93235 (Table 1.5) from Mount Shoobridge, 
Plateau Point and Bridge Creek differ strongly in their mineral assemblage and 
texture. 
The Mount Shoobridge sample contains only an equilibrium assemblage of K-
feldspar, biotite and quartz which only allows for a minimum temperature estimate 
of 430°C at 200 MPa (Hoschek, 1973). A brief description of its context is warranted 
because the F, Cl-content of the biotite will be interpreted in a later section. The 
sample is a mica-schist distinct from the hornfelses by its schistosity. The schist 
formed broadly contemporaneous with the emplacement Sn-Ta pegmatites which 
temporarily overlaps with the formation of two sets of Au-veins at Mount Shoobridge 
(Burke,1987, Matthai, 1992, unpubl. comp. rep.). These veins contain arsenopyrite 
and pyrrhotite and have K-spar-biotite-(tourmaline) alteration selvages. The sample 
site is at a distance of :S:300 m to the shallow dipping Mc-Minns Bluff granite contact 
and gold mineralization occurs and is mined at a horizontal distance of 1.5-4 km to 
the north of this location. 
The Plateau Point sample 93198, contains hornfels from the Fenton Shear Zone 
taken at a lateral distance of 2 km from the surface exposure of the Fenton granite 
(Fig. 1.5). The sample went through synkinematic muscovite breakdown accompa-
nied by the formation of almandine, biotite, K-spar and sillimanite, which define 
an 1-fabric. The sample was stretched further during retrogression of sillimanite 
to muscovite and biotite to chlorite, so that the sillimanite breakdown temperature 
is taken as the formation temperature of the muscovite. This muscovite is slightly 
K-deficient (Appendix A) and has a very low Fe-content, closely resembling mus-
covite compositions used in the experimental calibration of the barometer. Granite 
underlies the sample locality and carbonaceous rocks were not found in the near 
vicinity (:S:l.5 km) so that an XH2 o =1.0 is assumed. The average Si-content of 
3.045 Si per formula unit gives a pressure of 250 MPa at a temperature of 595°C via 
PT-iteration. At this pressure the peak metamorphic temperature is limited by the 
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granite melting curve to about 670°C (Fig. 1.10). Because of the low Fe-content of 
the muscovite the pressure estimate seems to be the most reliable in the whole PT-
study. The pressure agrees well with that obtained from the Hayes Creeks samples 
differing by a rock-column equivalent of 1.5 km, which is a small amount considering 
the horizontal distance of 30 km between the sample points (Fig. 1.15). 
The sample 93235 comes from half-way between Cosmo Howley and Bridge Creek 
from the margin of a bedding-concordant quartz vein and is partly chloritized. While 
the chloritization has strongly affected K-feldspar (Appendix A) and biotite, mus-
covite seems to be co-genetic with chlorite and minor albite which is also fresh. 
The muscovite is slightly K-deficient with a low Fe-content. The exposure has been 
mapped as Gerowie Tuff and carbonaceous beds are absent. Hence XH2o has been 
taken as 0.9. The peak metamorphic assemblage is again consistent with tempera-
tures around 550°C but no andalusite was observed. 
Assuming the paragenesis muscovite+chlorite+ biotite, the geobarometer of Bucher-
Nurminen (1987) can be applied indicating a pressure between 250 and 300 MPa 
for a temperature between 350 and 400°C, respectively, for XH2 o equal to 1. In this 
barometer again a decreased XH2 o leads to lower pressures but the effect has not 
been quantified. In summary the results from sample 93235 could be consistent with 
the other samples with respect to pressure and temperature, but the assemblage is 
too poorly constrained. 
Although not included in this study, it has to be noted that a further sample 
from the K-feldspar+cordierite+biotite+muscovite alteration selvage of an Au-vein 
from the Goodall deposit, 20 km north of the Burnside Granite (Fig. 1.1) has been 
analyzed (Matthai and Compston, in prep.). The muscovites give pressures ranging 
from 220-270 MPa. The lower end of this range is commensurate with the Fe-content 
of the cordierite using the calibration of Holdaway and Lee (1977). 
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In summary, the Au-vein alteration assemblage K-feldspar +biotite+ andalusite 
+ quartz is common to the Enterprise, Woolwonga, Goodall, Glencoe, Bridge Creek, 
Mount Shoobridge and the Cosmo Howley deposit (Chapter 3), indicating peak-
contact metamorphism and gold precipitation at temperatures between 550 to 620°C 
and pressures between 200 and 220 MPa. 
The younger and unique base-metal + ankerite + gold and tourmaline + carbon-
ate + quartz + gold veins at Woolwonga represent the second gold mineralization 
event which took place far on the retrograde side of the contact metamorphism as 
indicated by a formation temperature around 350°C. 
The detailed geothermometric results suggest only small horizontal variations in 
the Cullen Mineral Field with respect to peak contact-metamorphic temperatures 
and gold mineralization. This pattern is best explained by interpreting the out-
cropping plutons as surface expressions of a larger granite mass which underlies the 
whole investigated region (Tucker et al., 1980; Stuart-Smith and Needham, 1980; 
Stuart-Smith, 1985). This interpretation implies that the maximum transient ther-
mal gradients during contact metamorphism were near-vertical. 
The regional study of contact metamorphism is however biased towards condi-
tions within gold deposits. If these deposits represent local thermal anomalies it 
is possible though not indicated by the Hayes Creek samples, that somewhat lower 
peak metamorphic temperatures were reached outside these zones. 
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1.4.2 Transient Thermal Gradients and Duration of Con-
tact Metamorphism 
Numerical modelling permits an evaluation of the transient thermal gradients which 
occurred in the gold deposits during ore-genesis. These are important with respect 
to the gold-precipitation mechanism. The extent of the contact aureole also allows 
a rough estimate of the thickness of the granite intrusion. Furthermore, as the 
available dating of geological events in the central Pine Creek Inlier is not detailed 
enough to identify the duration of contact metamorphism, numerical estimates on 
this time span are described below . 
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Figure 1.18: Schematic illustration of Peacock's (1989) uni-dimensional model for contact 
metamorphism. As the medium is at rest the velocity-term in Fourier's equation drops 
out. 
Contact metamorphism was simulated with the model of Peacock (1989) for con-
ductive heat transfer between a heat source, i.e. the intrusion and a heat sink, which 
is the country rock. This model uses a finite difference scheme to solve Fourier's 
equation on a uni-dimensional finite difference array in which a far-field tempera-
ture reflects the state of the country rock prior to granite intrusion (Fig. 1.18). The 
algorithm accounts also for heat release by crystallization and heat consumption by 
metamorphic reactions. Table 1.6 contains the boundary constraints applied to this 
- i 
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model on the basis of field observations and geophysical data. 
Input Parameter 
Half width of intrusion: 
Country rock temperature: 
Temperature of intrusion: 
T-interval of crystallization: 
Heat of crystallization: 
Thermal conductivity of the 
aureole: 
Average heat capacity: 
Average rock density: 
Value(s) 
2-, 5-, 10-km 
300°C (reg. met. Ferguson, 1980) 
~ 825°C (1-type granites, Whitney, 1989) 
160°C (640°C liquidus, 250 MPa) 
~200 kJ/kg (default Peacock, 1989) 
2.75 W /m/K (metapelites, England and Thomson, 1984) 
1250 J /kg/K (including heat consumption by metamorphic 
reactions) 
2.87 (Koolpin Formation, Tucker et al., 1980) 
Table 1.6: Input parameters for uni-dimensional heat flow calculations by the model Nu-
MERICAL SIMULATION OF CONTACT METAMORPHISM, Peacock (1989, Release 10/15/90). 
Because of the lack of geophysical data, calculations were carried out for sill-thicknesses 
of 2-, 5-, and 10-km. Following the discussion of regional metamorphism earlier in this 
Chapter the far-field temperature was set to 300°C ( cf., Ferguson, 1980). The emplace-
ment temperature of 825°C was assumed following Whitney's (1989) discussion of 1-type 
granites. 
The one-dimensional representation of the intrusion as a sill of infinite length 
appears adequate for the Cullen Batholith inferring that it underlies the whole 
region (e.g., Stuart-Smith and Needham, 1984). The late Burnside Granite also has 
a flat to very gently dipping roof as hornfels is exposed on the moderate topographic 
highs (+20m) and granite in the lows (-20m) of most ofthe area where it is exposed. 
However, Peacock's model does not account for primary thermal gradients in the 
aureole, heat loss through the earth surface, and advection of heat by fluid flow. The 
model treats the granite intrusion as a single stage event. By contrast, a successive 
emplacement of stocks over a time span potentially as large as 20 Ma has been 
indicated by Stuart-Smith (1985) and Stuart-Smith et al. (1993). Nevertheless, if 
treated with caution, the model provides useful constraints on the thermal history. 
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Figure 1.19: Opposite pages: Numerical models of the contact metamorphism induced 
by the Cullen Batholith (1). Temperature history for rocks located at a certain distance 
to the intrusive contact (500-m, 1-, 2-, 3-km). A-C represent thermal histories for the 2-, 
5-, and 10 km sills, respectively. 
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The modelled thermal histories (Fig. 1.19) can be tested for consistency with 
the geothermometric results obtained from the gold deposits in order to assess the 
applicability of input-sill thicknesses to the central Pine Creek Inlier. For example, 
because drilling results from Cosmo Howley indicate that the vertical distance from 
the surface to the granite contact is larger than 900 m and a peak metamorphic tem-
perature of 550- 620°C is indicated by the alteration assemblage of the gold-bearing 
veins (Chapter 3, 5), the 2-km sill is inadequate, because it can not supply enough 
heat (Fig. 1.19). The 5-km sill provides enough heat even if a primary geothermal 
gradient of 30°C km-1 is employed to diminish the initial deposit temperature. The 
maximum temperature reached after the intrusion of a 10-km sill causes andalusite-
breakdown to sillimanite up to a distance of 5-km from the intrusive contact. This 
is inconsistent with the field observations. Thus, the thickness of 5-km best models 
the observed peak-metamorphic temperatures. This thickness also places a rough 
constraint on the amount of magmatic fluid that was released into the contact au-
reole during crystallization. This is further discussed at the end of this chapter. 
The duration of the contact metamorphism also varies strongly with sill thick-
ness. Disregarding any external heat input, cooling of the center of the intrusion 
below 400°C takes ~500,000-years, ~3-, and ~12-Ma in the 2-,5-,10-km sill mod-
els, respectively. These time spans can be compared with radiometric ages of the 
batholith obtained both from SHRIMP dating (Stuart-Smith et al., 1993) and re-
gionally very uniform Rb/Sr whole-rock isochrons (Riley, 1980). If the latter are 
interpreted to indicate the closure of the Rb/Sr system in the batholith, the age 
difference between the two dating methods which is 40±20 Ma indicates the cooling 
of the batholith to the closure temperature of the Rb/Sr-system ( ~350°C). Not 
even the results for the 10-km sill fall into this range and indicate much more rapid 
cooling. The discrepancy may be explained by additional heatflow from the lower 
crust or the successive emplacement of the batholith as individual sills; both of these 
factors are not accounted for in the numeric model. 
The most reliable modelling results are the transient thermal gradients in the 
contact aureole (Fig. 1.20). The results indicate that the thermal gradient in the 
contact aureole is steep at first and diminishes with time. In this context, the 
metamorphic temperatures indicated by the Au-vein paragenesis can be used to 
obtain an upper bound for the thermal gradient in the evolving deposits. For a 
known distance to the contact of the sill, the temperature gradient is the slope 
of the temperature curve (Fig. 1.20) for the time step at which the paragenetic-
temperature is reached. 
Stuart-Smith and Needham (1984) have shown that most of the gold deposits 
in the Cullen Mineral Field occur at distances of 500- to 2,500-m from the granite 
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Figure 1.20: Numeric model of the contact metamorphism induced by the Cullen 
Batholith (2). Transient geotherms for a 5-km-thick granite sill. Each timestep reflected 
by a geotherm represents 2,500 years. 
contacts. At Tom's Gully, granite is exposed at 2::300 m distance from the main lode; 
Enterprise, Cosmo Howley, Woolwonga and Goodall are within 1 to 2 km vertical 
distance from the granite-contact. These estimates are based on minimum distances 
known from deep drilling, the stratigraphic level of the deposit, the thickness of 
the sedimentary sequence, the horizontal distance to the granite contact, and the 
magnetic signature of the environment of the respective deposit. 
Maximum thermal gradients modelled as a function of the distance from the 
granite contact are tabulated in Table 1. 7. Because the modelling does not account 
for initial thermal gradients, alternative values are listed in an extra column where 
the model gradients have been augmented by an intermediate geothermal gradient of 
30°C km-1 . This addition seems necessary, also, because after several100,000 years, 
in the 5 km and the 10 km sill-model, the temperature curves indicate significant 
heating at the earth surface (::::::::10 km from contact) which should maintain a fixed 
temperature. 
Table 1. 7 captures two important features of the temperature gradients. First, 
independent of the sill width, the maximum transient temperature gradient de-
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creases with increasing distance from the intrusive. Second, even for the augmented 
gradients, these do not exceed 170°C km- 1 at a distance greater than 1-km from 
the contact (Table 1. 7). Note in this context that heat advection by fluids which 
is not accounted for in the modelling could flatten the temperature gradient along 
structures in which a high fluid flux occurs (Reck, 1987; Chamberlain and Rumble, 
1988). 
Distance to Contact T-Transition t-Transition &T 7ii 
yrs x 1, 000 
2-km sill, center at 825°C; country rock 300°C 
500 500 5 309 
1000 500 35 112 
5-km sill, center at 825°C; country rock 300°C 
500 500 25 167 
1000 500 25 138 
2000 500 125 64 
10-km sill, center at 825°C; country rock 300°C 
500 500 0 263 
1000 500 100 83 
2000 500 100 69 
3000 500 300 42 
1000 550 100 91 
2000 550 300 47 
3000 550 900 25 
&T + 30 &z 
339 
142 
197 
168 
94 
293 
113 
99 
72 
121 
77 
55 
Table 1. 7: Transient thermal gradients ( ~~) in the contact aureole at the site of gold 
deposition, when a certain temperature (T-transition) is reached. t-transition refers to 
the time elapsed since the intrusion, when the threshold temperature (T-transition) is 
reached in the deposit (e.g., Fig 1.19). 
The time t which elapses from intrusion to the thermal peak of contact meta-
morphism is a function of distance from the contact so that t should have varied 
between the gold deposits by up to several 100,000 years (Fig. 1.19). Importantly, 
high fluxes through of hot fluids from the inner aureole may imply thermal highs in 
the deposits (e.g., Brady, 1988). If heat was advected rapidly by the mineralizing 
fluids, temperature increase within upward-flow zones leading through the deposits 
should have been significantly faster than in the deposit periphery. 
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1.4.3 Halogen Contents of Mineralizing Fluids 
To understand the transport and deposition of gold during contact metamorphism, 
it is important to know the halogen content of the fluids which migrated through the 
aureole during gold deposition. In the following, an attempt is made to characterize 
this parameter with respect to chlorine and fluorine on the basis of the composition 
of biotite from the site of gold deposition. 
Salinity 
The salinity is of key influence on the ionic strength of the fluid, and bears directly 
on the gold transport capability because of the potential for gold-chlorine complex-
ation (e.g., Zotov et al., 1991). Moreover, at high salinities fluid immiscibility may 
occur even at high temperatures and pressures when the fluid is contaminated with 
hydrocarbons (e.g., Franck, 1985). This process may be instrumental in gold pre-
cipitation (Naden and Shepherd, 1989; Bowers and Helgeson, 1983). 
The Cl-content of contact metamorphic biotite in the Pine Creek deposits ranges 
from below the detection limit ( 4 7 ppm) to 1,870 ppm, in biotite from the Woolwonga 
Gold Mine (Table 1.8). The relationship between the Cl-content of biotite and fluid 
salinity has been calibrated for the pure annite endmember (Zhu and Sverjensky, 
1991). 
Locality XMg Cl F F/Cl Cl in Annite log(fH,o/fF) 
CHD, C-slate 0.47 607 6616 20.34 4333 5.95 
CHD, Hornfels 0.59 241 5573 43.15 4654 6.42 
Enterprise 0.43 1427 10205 13.35 7010 5.20 
Mount Shoobridge 0.32 47 48966 1944 104 INF 
Woolwonga 0.4 1870 5050 5.04 6873 6.00 
Zapopan 0.27 394 4306 20.39 649 5.71 
Table 1.8: Chlorine and fluorine data on biotites from gold deposits in the central Pine 
Creek Inlier. F, Cl in ppm, F/Cl as atomic ratio; log(fH20/fF) after Munoz (1984). CHD 
= Cosmo Howley Deposit, C-slate = carbonaceous slate. 
Because there is a systematic decrease in the Cl-content of biotite with increasing 
Mg-content (Munoz, 1981; Volfinger et al., 1985), Cl-partitioning into the Pine Creek 
biotites was lower than for the endmember annite that is required to apply the 
calibration. Because Volfinger et al. (1985) have investigated Cl-contents of biotite 
over the full compositional range from annite to phlogopite, their experimental data 
can be used to obtain an Mg-correction (Fig. 1.21 ). This approach seems valid, firstly 
because the experiments were conducted at 600°C and a pressure of 200 MPa. These 
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conditions are very close to those of gold deposition in most Pine Creek deposits. 
Secondly, for intermediate biotite compositions (XFe = 0.3-0.6), the obtained Mg-
correction curve (Fig. 1.21) is similar to the linear correlation between XFe and Cl 
in natural biotites from the Santa Rita Porphyry (Munoz, 1984). 
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Figure 1.21: Chloride-Mg-avoidance in synthetic biotite (Volfinger et al., 1985). Experi-
ments were conducted at 600°C, 200 MPa, and a starting concentration of 0.5 mole KCl 
per kg fluid (Volfinger et al., 1985, Table 1, p. 40). 
The corresponding pure annite Cl-contents for calculated for Pine Creek biotites 
are listed in table 1.8. Zhu and Sverjensky's (1991) calibration has been applied 
graphically (Fig. 1.22), because the SUPCRT93-fitting parameters for F-annite have 
not been published. Nevertheless, lower bounds can be obtained for the total molal 
chloride content of the fluid (Fig. 1.22). Because the assemblage muscovite+ quartz 
+ K-spar + albite+annite, for which the calibration in figure 1.22 applies, differs 
from the Pine Creek biotite assemblage of K-spar+biotite+andalusite+albite±cordi-
erite, the assessment of the respective chlorinities requires the consideration of the 
following relations. 
Firstly, the mineral assemblage influences the Cl-content. If annite is the only 
Cl-absorbing mineral it will be enriched relative to annite which co-exists with mus-
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Figure 1.22: Predicted total dissolved chloride in aqueous solution as a function of Cl-
content in annite (adapted from Zhu and Sverjensky, 1991). Vertical bars represent Cl-
contents of annite calculated from the compositions of biotite from the Pine Creek gold 
deposits. 
covite, apatite or other Cl-bearing phases. Thus, the chlorinities indicated for the 
Pine Creek samples will be too high. For instance, the presence of paragonite in-
stead of albite in the assemblage muscovite+ annite + K-spar + quartz lowers the 
chlorinity estimated from annite by the small amount of about 0.3 moles per kg fluid 
at 550°C (Zhu and Sverjensky, 1991, Fig. 21, p. 1852). 
Secondly, the mineral assemblage fixes pH which again influences the Cl-content. 
The Cl-content of annite is inversely proportional to pH at constant chlorinity. pH 
is fixed both for the calibrated and the natural assemblage by the K+ -concentration 
in the fluid and the K-H-exchange reaction between K-spar and K-mica. Hence 
pH should have been similar in both the calibrated and the Pine Creek alteration 
assemblage. 
Thirdly, the Cl-content of annite is pressure-sensitive, and decreases with in-
creasing pressure at constant chlorinity. The variation however between 100 MPa 
(calibration, Fig. 1.22) and 200 MPa (close to Pine Creek conditions is less than 0.2 
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moles per kg at 550°C and Xcin = 0.001 which is close to the values calculated for 
Pine Creek biotite. Therefore the error which is introduced by the pressure differ-
ence is marginal. 
Finally, there is a strong temperature dependence of Cl-content in annite. The 
higher the temperature, the more strongly does Cl-partition into annite. The 50-
1000C temperature difference between the calibration and the temperature of for-
mation of Pine Creek biotite leads to an over-estimation of fluid total molal chlorine 
by about 0.3-0.5 mol per kg fluid (cf. Figs. 20, 21, p. 1852, Zhu and Sverjensky, 
1991). 
Summarizing the effects on salinity of the mismatch between calibrated and 
natural biotite from the central Pine Creek Inlier, the calibration indicates chlorini-
ties about 1 mol per kg too high for the projected annite compositions. On this 
background, the re-cast Cl-contents of Pine Creek biotites indicate total molal Cl-
contents of 0.1 to 2.0 for fluids in equilibrium with biotite from Mount Shoobridge 
and Zapopan and salinities above 4 moles per kg (i.e. 15 wt.% Cl) for fluids present 
during gold mineralization at Cosmo Howley, the Enterprise gold mine, and the 
Woolwonga deposit (Fig. 1.22). 
The Cl-content of biotite may have been modified by ret!ograde alteration the 
effects of which are evident in all of the samples. The least altered sample, however, 
is that from the Enterprise gold mine, which has the most Cl-rich biotite. This 
suggests that the high Cl-contents in the biotite are a realistic basis on which to 
model gold transport. 
An independent estimate of the salinity of the fluid phase evolved entirely by 
the devolatilization of the metasedimentary sequence can be derived from the mean 
Cl content of shales (Ronov et al., 1988 -average of 16,000 analyses ~160 ppm Cl). 
Assuming derivation of 2 g of water from 100 g of rock, the chloride content of the 
derived fluid would have been about 0.2 molal (0.8 wt.% NaCl). This is less than 
the values indicated for the Pine Creek gold deposits, but it is a common value for 
regional metamorphic fluids, if evaporites are absent from the host rock sequence 
(e.g., Roedder, 1984). It is important to note that this estimate is representative 
only of the time-averaged mean salinity of fluids which could potentially be produced 
from an average shale since progressive water loss may well result in initial high 
salinities that decline with time as the Cl-reservoir becomes depleted. 
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Fluorinity 
The fluorine-contents of biotite have been determined in the samples from the Pine 
Creek deposits and provide information on the fluorinity of the fluid at the site of 
gold deposition (Table 1.8). The partioning of fluorine between biotite and fluid is 
less well understood than that of chlorine (Zhu and Sverjensky, 1991). Only the 
fugacity ratios fH2o/fF can be obtained by the method of Munoz (1984) if the mica 
formation temperature is known (Table 1.8). Again there is a strong dependence of 
fluorine content on the XMg in biotite (Munoz, 1984, 1990). 
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Figure 1.23: Comparison between fluorine contents of biotite from the Pine Creek gold 
deposits and the Santa Rita porphyry Cu-deposit. The trend represents "F-Fe avoidance" 
in Santa Rita biotite. The F-contents of Pine Creek biotite are systematically higher than 
those of biotite from the porphyry copper deposit (exception Zapopan ), and orders of 
magnitude higher than those of biotite in a regional metamorphic environment (see text). 
Figure 1.23 shows the F-content of biotite from the Pine Creek deposits as a 
function of XMg· In these biotites, fluorine contents always exceed those of chlorine 
by a large degree, reaching peak values of 5.8 wt.% at Mount Shoobridge (Appendix 
A). In comparison with the F-content of biotite from the Santa Rita Porphyry copper 
deposit (Fig. 1.23) which represents an intermediate value of these systems (Munoz, 
1984), the Pine Creek biotites are generally more F-rich. 
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Porphyry copper systems are mineralized mainly by magmatic fluids (e.g., Burn-
ham, 1967; Cline and Bodnar, 1991) and biotites in these systems are generally 
enriched in fluorine relative to biotites from an epithermal or regional metamor-
phic setting (cf., Munoz, 1984, Table 5, p. 482). In the latter setting, biotites of 
intermediate XMg in metapelites of low to medium metamorphic grade, typically 
contain less than 2,000 ppm of fluorine (Guidotti, 1984). This value is dependent on 
the protolith composition and can rise to less than 4,000 ppm in sillimanite grade 
metapelites, most likely because biotite takes up the fluorine liberated from mus-
covite breakdown (Guidotti, 1984). 
Such F-contents are significantly below that of the biotites in the Cullen Mineral 
Field and the Santa Rita Porphyry (Table 1.8). Therefore, the high fluorine con-
tents in the gold-associated biotite seem to indicate the involvement of a magmatic 
fluid. This is also consistent with the widespread potassium-silicate alteration as-
sociated with Au-quartz veining, because this alteration style typifies channelways 
of magmatic fluid release (Burnham and Ohmoto, 1980). The indication that the 
high fluorine values are caused by a magmatic fluid is further strengthened by the 
observation that the Mount Shoobridge biotites, which have pure F-endmember 
composition, occur next to magmatic Sn-Ta pegmatites. Also, evaporites which 
could have contributed fluorine to the metamorphic fluid are absent from the lower 
stratigraphy in the central Pine Creek Inlier (Matthai, 1992, unpublished company 
report; Matthai and Henley, in prep.). Moreover, the McMinns Bluff and Allamber 
Springs granite occasionally contain accessory fluorite (Stuart-Smith, 1985). This 
primary mineral indicates that the granitic melts were rich in fluorine. 
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1.4.4 Magmatic Fluid 
The presence of magmatic halogens in the alteration assemblage of the gold quartz 
veins warrants a close characterization of magmatic fluid with respect to gold trans-
port capability and physico-chemical character. Moreover, the field relations and 
the small regional variation in peak contact metamorphic temperature indicate that 
the gold deposits in the Cullen Mineral Field are located in the roof of the Cullen 
Batholith. Hence a significant amount of magmatic fluid liberated during crystal-
lization, is expected to have migrated through the metasedimentary sequence and 
the gold deposits. How much magmatic fluid migrated through a particular rock 
volume or gold depositional regime depends on whether the magmatic fluid was re-
leased along fractures or pervasively over the whole surface of the intrusion. 
Taking 5 km as the minimum thickness of granite required to satisfy the mod-
elling constraints on the temperature distribution in the aureole, then the amount of 
escaping magmatic fluid can be calculated if the initial volatile content of the magma 
is known. Crystallization of 1-type granitic magmas like the Cullen Batholith (Fer-
guson et al., 1980) has been modelled assuming an initial water content of the melt 
of 2.5 wt.% prior to crystallization (Burnham and Ohmoto, 1980; Cline and Bodnar, 
1991). This water content represents a conservative estimate (Whitney, 1975, Burn-
ham and Ohmoto, 1981) and seems applicable because the McMinns Bluff and the 
Allamber Springs Granite are porphyritic by contrast with commonly equigranular, 
and miarolitic water-rich granites (Candela, pers. comm., 6/93). 
During crystallization, about 0.6 wt.% of the magmatic water is incorporated 
into biotite and hornblende. Thus, around 2 wt.% H20 separates from the melt and 
is expelled into the contact aureole. This figure is roughly similar to the amount of 
fluid generated by devolatilization of pelites in the temperature range between 400 
and 600°C (Walther and Orville, 1982; Shaw, 1956; Haack et al., 1984). Therefore, if 
flow was upward ( c.f., Hansen et al., 1992), the relative time-integrated contribution 
of magmatic and metamorphic fluid at the site of gold deposition is equal to the ratio 
of respective thicknesses of the granite and the sediment column which separates it 
from the deposit. For a distance of 1.5 km this ratio is 0.3, which indicates the 
passage of approximately 30 % metamorphic and 70 % magmatic fluid through 
time. 
Magmatic fluid starts to exsolve when the melt becomes saturated with water 
(Burnham, 1979). The saturation level depends strongly on the ambient pressure 
(Whitney, 1975; Burnham and Ohmoto, 1980; Cline and Bodnar, 1991). At 200 
MPa, and 2.5 wt.% initial water content, fluid saturation is achieved after about 60 
%of the melt has crystallized (Cline and Bodnar, 1991). 
'i 
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Greater than 60 % crystallization prior to fluid saturation in a granitic melt also 
implies eutectic release of the magmatic fluid for most common melt compositions. 
This fixes fluid temperature to about 680-700°C at 200 MPa, (2.5 wt.% starting 
water content, Whitney, 1989). 
The gold transport potential of a magmatic fluid depends on its salinity, which 
varies during crystallization. Cline and Bodnar (1991) show that the salinity is 
initially very high (~50 wt.% NaCl+KCl) and decreases with time, if the melt 
crystallizes at 200 MPa ambient pressure (Fig. 1.24). In the early magmatic brine 
gold should be highly soluble as chloride complex (Zotov et al., 1991). In spite 
of the high salinity, a magmatic fluid released at 680°C, 200-250 MPa, is a single 
phase, provided that it does not contain C02 (Bodnar et al., 1985) and irrespective 
of whether it is dominated by KCl or NaCl (Sterner et al., 1992). This suggests that 
the magmatic fluid expelled in the contact aureole had the potential to undergo 
phase separation by admixture of carbonic species which is discussed further in 
Chapter 6 in context of gold precipitation mechanisms. That the magmatic fluid 
did not contain appreciable amounts of C02 is indicated by the ppm-level solubility 
of C02 in hydrous granitoid melts (Blank et al., 1993). 
A potential difference between magmatic and metamorphic fluid, which is impor-
tant with respect to gold transport and deposition, is the redox state. This property 
has been inferred for a large number of 1-type granites on the basis of the hematite 
component in ilmenite (Ague and Brimhall, 1988b). In most cases fo 2 was slightly 
above the Ni-NiO buffer, with the exception of plutons strongly contaminated by 
carbonaceous metasediments. The McMinns Bluff and Allamber Springs Granite 
suites are highly differentiated (Si02 63-79 wt.%, Stuart Smith, 1985). They occa-
sionally contain accessory fluorite content consistent with a high fluorine in igneous 
biotite. This feature places them amongst plutons which are strongly contaminated 
with continental crust (1-SC type, Ague and Brimhall, 1988b ). Another accessory 
is sphene which commonly occurs only in granites with Mg-rich biotites (Candela, 
1989) also indicating 1-SC type-affinity. Opaque minerals have not been studied in 
the Cullen Batholith so far, but fresh K-spar is pink which may indicate the presence 
of primary hematite. The McMinns Bluff granite south of Cosmo Howley yielded the 
highest whole rock Fe+3 /Fe+2-ratios in the Cullen Batholith (~0.24, Stuart-Smith, 
1993, pers. comm.). 
In summary, it seems likely, that the fo 2 of the magmatic fluid was above the Ni-
NiO-buffer, because of the 1-SC-affinity of the granites (Ague and Brimhall, 1988a, 
b). Potentially, the fo2 was as high as required to stabilize hematite ( cf., Fig. 1.11 ). A 
low fo 2 , around QFM, seems to be inconsistent with the described field observations 
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Figure 1.24: Salinity of magmatic fluid released during crystallization of granitic melt at 
200 MPa (adapted from Cline and Bodnar, 1991). The first aqueous fluid which exsolves 
after fluid saturation contains 53.4 wt.% NaCl. The initial water content in the melt 
was 2.5 wt.% . An initial Cl/H2 0 ratio of 0.1 was assumed which is representative of 
orogenic andesites (Gill, 1981). The stippled line (INC) indicates the concentration of 
copper in the fluid (right vertical axis) if it behaves as an incompatible element (partition 
coef. D~~m = 0.1, see Candela, 1989) at a concentration of 50 ppm prior to crystallization 
(Cline and Bodnar, 1992). An incompatible behaviour of copper and also gold is likely 
because at high fo 2 in the melt (Candela, 1989), see text. If the partition coefficient for 
gold also correlates positively with the salinity of the magmatic fluid as it does for copper 
(Candela and Holland, 1984), then the first fluid batch which is released from the magma 
should be the most Au-rich. 
( cf., Stuart-Smith et al., 1993). 
The redox state of the magma/magmatic fluid exerts a strong influence on the 
fs 2 as another important variable with respect to gold transport. This influence 
arises because H2S partitions in the melt while S02 is strongly partitioned into the 
aqueous phase (Burnham and Ohmoto, 1980). In contrast to S02 , H2S is stabilized 
with increasing pressure. Thus more sulphur is retained in deep- relative to shallow 
level granite intrusions. At an f0 2 above Ni-NiO a large quantity of the sulphur is 
however present as S02 . This means that sulphur and perhaps also gold and copper 
were partioned strongly into the aqueous phase exsolved from the McMinns Bluff-
and Allamber Springs Granites (Fig. 1.24 ). 
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1.5 Conclusions 
Chapter 1 described structural and petrologic observations which relate gold min-
eralization to contact metamorphism in the central Pine Creek Inlier. This timing 
allowed me to identify the regional PT -conditions during gold deposition, and the 
chemical character and source of the hydrothermal fluids involved in the mineral-
ization process. 
• Structural cross-cutting relations and paragenetic assemblages show that gold depo-
sition occurred close to the peak of contact metamorphism, aureole devolatilization, 
and magmatic fluid release upon granite crystallization. 
• On the background of geophysical data and small horizontal variations in peak 
metamorphic temperatures of 550-620°C, regional sill-type underplating of granite 
is inferred, the surface expression of which is the Cullen Batholith. Geobarometry 
indicates that the pressure at the crustal level of gold deposition was between 200-
230 MPa. 
• Ore-genesis occurred contemporaneous with local extension of the roof of the Cullen 
Batholith. Gold was deposited in subvertical structures within a distances between 
several hundred meters to less than 3 km from the intrusive contact. 
• For the ore-forming system in the central Pine Creek Inlier, high fluorine and Cl-
contents in biotite indicate that magmatic fluid of high salinity was involved in the 
formation of the gold deposits. This is consistent with the mutual cross-cutting 
relationships between gold veins, aplite dykes, pegmatites, widespread potassium 
silicate alteration, and potassic metasomatism associated with Au-quartz veining 
(Matthai and Henley, in prep.). 
• The results from a simple numeric model indicate that a 5 km granite sill repro-
duces the observed thermal structure of the contact aureole and would have imposed 
a transient, near-vertical thermal gradient of ~170°C/km at the site of gold depo-
sition. 
• If a 2.5 wt.% initial water content of the granitic-granodioritic melt is assumed 
then, depending on distance to the granite, the gold deposits would have been 
penetrated by metamorphic and magmatic fluid at a time-integrated ratio of ~1:3. 
The magmatic fluid is expected to have differed from the metamorphic one by having 
a higher salinity, F -activity, fo 2 , fs 2 , and the lack of carbon-dioxide. 
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Summary and Introduction 
Gold deposits are in the wide aureoles of the McMinns Bluff/ Allamber Springs 
Pluton (Cosmo Howley, Woolwonga, Union Reefs), Tabletop Granite (Enterprise), 
Margaret Granite (Goodall), and Mount Goyder Pluton (Tom's Gully1), Fig. 1.1). 
All of these gold deposits occur in or next to carbonaceous units in the stratigraphy 
and most of them are situated close to the axial planes of anticlines of distinctly 
large amplitude and/or transpressional strike-slip fault zones. All these structures 
focused upward migrating fluids at near-lithostatic pressure, as indicated by exten-
sion veins, precipitated amounts of quartz, and the associated pronounced potassic 
alteration. On the deposit scale, the field work identified 5 different structural set-
tings in which gold mineralization occurs. These are categorized and described under 
the subheadings: 
1. Fault veins in transpressional fault systems 
2. Bedding-concordant veins in subvertical fold limbs 
3. Vein systems restricted to competent blocks in matrix 
4. Vein swarms and stockworks 
5. Veins in granite intrusion-related listric faults 
In some deposits a combination of these structural styles of quartz-vein miner-
alization is found. A distinction can be made on the basis of the field data between 
deposits where formation occurred during active deformation, and deposits where 
mineralization was emplaced into passive, pre-existing structures which underwent 
dilation by hydrofracture-veining and accompanying alteration. 
In both of these settings, locally intermittent fluid migration is indicated by 
crack-seal veins which occur predominantly in subordinate structures. In the struc-
tures which were actively deformed during gold deposition, incremental changes of 
geometry with time indicate discontinuous variations of their permeability. 
1The Tom's Gully Deposit is not shown on the overview map. It is located further northeast 
at the Arnhem Land Highway and is described in Simpson (1990) and Shephard et a!. (1990). 
I 
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The textures of the gold-bearing quartz veins are generally consistent with small 
fracture apertures, because they lack open space fillings and vuggy cavities. On the 
deposit scale, the time-integrated dilation of the host structures, as inferred by the 
volume of vein quartz, was small and highly localized. 
The spacing of the gold prospects and mines between the Burnside- and McMinns 
Bluff Granites indicates that the focusing of fluids by individual systems was re-
stricted to rock volumes with a surface area of less than hundred square kilome-
ters. Whether the smaller and passively mineralized structures had the potential to 
achieve such focusing is subject of simulations presented in Part II of this thesis. 
In the following, the structural geometries from which gold is mined in the Pine 
Creek Inlier are described in detail. The section concludes with a comparison of 
these styles of mineralization. 
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2.1 Fault Veins in Transpressional Wrench-Fault 
Systems 
At the Enterprise mine (Hossfeld, 1936; Cannard and Pease, 1990), the Howley Creek 
prospect, Union Reefs, Iron Blow, Moline, Howley Creek, and Woolwonga (Fig. 1.1) 
gold quartz-veins occur in transpressional subvertical fault-systems (Fig. 2.1). These 
wrench faults are superimposed on pre-granite anticlines ( cf., Fig. 1.9). The surface 
extent as marked by the veins, is up to a few kilometers (Pine Creek, Union Reefs, 
Howley Creek) and the width of intensely veined zones ranges between 50-100 mat 
Mount Shoobridge to 1 km at Enterprise. While these wrench fault systems can be 
continuous over kilometers in the horizontal scale and may extend to the granites 
at depth, individual faults and veins are discontinuous. 
As has been determined by analysis of existing geologic maps and visits to in-
dividual prospects, the spatial abundance of wrench-fault systems in the Cullen 
Mineral Field varies between approximately 0.1 to 3 per 100 km2 with the highest 
density along the Pine Creek Shear Zone, at, and to the north of Pine Creek. 
The individual wrench fault system consists of anastomosing sinusoidal faults 
hosting the gold-quartz veins (Fig. 2.4). These faults attained their geometry by 
numerous small slip increments reflected in mutual overprinting relationships be-
tween veining, fracturing, and warping of beds. These relations indicate further 
that drag folding, faulting, and veining took place penecontemporaneously. Thus, 
as the system evolved, early veins were sheared and dismembered in the faults while 
new veins formed. These cross-cutting relationships indicate countless rupture and 
precipitation events reflecting incremental permeability changes with time (e.g., Sib-
son et al., 1988; Kerrich et al., 1987). 
Oblique-reverse faults form divergent splays also known as negative flower struc-
tures (Harding, 1985). These fault splays delimit wedges of rock that are extruded 
along them (Figs. 2.1, 2.2 A). The latter contain abundant stylolites indicating 
pressure solution, while other fault-bounded blocks are rich in extension veins indi-
cating volume gain by quartz precipitation during and after dilation. The significant 
amounts of quartz indicate that the dilating blocks were preferred sites of fluid mi-
gration. 
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Figure 2.1: Fault veins in transpressional wrench-fault systems. Schematic block section. 
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Figure 2.2: Structural styles of gold mineralization in the central Pine Creek Inlier, field 
examples (1). 
A - Host geometry of "fault veins in a transpressional wrench fault systems" at the aban-
doned Iron Blow Deposit (e.g., Stuart-Smith, 1985) which is viewed from the east. The 
bench in the wall of the open pit is about 15 m above the water table. The gold-bearing 
veins occur in the anastomosing splay faults separating blocks of warped metasediments 
in the pit wall. The flat surface below the second tree from the left is a bedding plane. 
Some of the horizontal fractures in the left of the picture contain quartz extension veins. 
B - "Vein systems restricted to competent blocks in matrix" at Bridge Creek (roadcut 
New Stuart Highway). The veins are hosted by sandstone lenses embedded in a thin 
carbonaceous slate unit within the Mount Bonnie Formation. The gold content of the 
photographed veins was only about 0.01 ppm (Samples AS10, AS11, Appendix B), but 
gold was mined within walking distance of this locality (e.g., Sanger van Oepen et al., 
1988). 
. I 
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Figure 2.3: Typical Au-vein textures of gold deposits in the central Pine Creek Inlier. 
A - Massive north-south striking Au-quartz vein (western margin) from the central ore 
body in the Enterprise Gold Mine, Pine Creek, in June, 1991. Darker bands in the vein are 
detached wallrock laminations containing pyrrhotite (Po), arsenopyrite (Apy), and gold. 
The pyrrhotite is partly replaced by arsenopyrite which overgrows the laminations. The 
wallrock at the vein margin in the left is light-colored, because of the potassic alteration 
(K-spar+ biotite). Darker spots in this alteration halo are chloritized cordierite porphy-
roblasts, the abundance of which decreases with increasing distance to the vein margin. 
B - Gold-quartz vein from the listric Crabb Fault Zone in the Tom's Gully Deposit (e.g., 
Simpson, 1990; Shepphard et al., 1990). Similar to what was observed at Enterprise, 
the vein contains detached wallrock fragments and laminations with sulphides. However, 
pyrite (Py) is present instead of pyrrhotite, indicating a higher sulphidation state of the 
assemblage. The wallrock of the vein (carbonaceous slate) at the bottom of the picture, 
is fragmented by vein parallel slip of the Crabb Fault. 
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Figure 2.4: Structural styles of gold mineralization in the central Pine Creek Inlier, field 
examples (2). 
A - Horizontal extension veins in the Moline Gold Mine, 40 km east of Pine Creek. The 
extension vein (Tg) has a width of 5 m and occurs near a transpressional wrench-fault 
which hosts a major or~body where it intersect a carbonaceous unit in the stratigraphy. 
B - Vein stockwork at Chinese Howley 3 km north of Cosmo Howley. The more or less 
randomly oriented veins occur in a planar subvertical zone which intersects a sandstone 
bed in the Gerowie Tuff without displacing it. The sandstone is strongly altered containing 
biotite+ K -feldspar+muscovite. 
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At Woolwonga and Enterprise the maximum width of gold-mineralized veins is 
~2 and ~8 m, respectively. Individual faults hosting the veins are continuous for 
up to several hundreds of meters with net-displacements always less than 40 m. 
Single quartz veins generally have a disc shape. Occasionally, veins with a 
rectangular-, pipe-like or ellipsoidal shape occur in dilatant jogs, fault bends or 
at fault intersections. The dimension of the long axis of these coherent quartz bod-
ies ranges from several tens of centimeters to greater than 100 m for the biggest 
subvertical lodes at Woolwonga and Enterprise. Meter-wide swarms of subparallel 
tension gashes along fault planes with little displacement are also common, as at 
Chinese Howley, which is a satellite reserve of Cosmo Howley (Fig. 2.4 B). 
More widely spaced swarms consist of 10-20 em wide subvertical veins and ten-
sion gashes with a spacing of 2-5 m. At the Moline mine m-wide and up to 40-
m-long, horizontal extension veins are developed (Fig. 2.4 A). These are indicative 
of fluid pressures exceeding the lithostatic pressure plus the tensile strength of the 
rock. The extension veins are more abundant below carbonaceous slate beds in the 
deformed stratigraphy which are interpreted as aquitards relative to the prevailing 
metasiltones and greywackes. At Moline and Woolwonga carbonaceous intervals in 
the stratigraphy coincide with the highest gold grades within .the quartz veins (pers. 
comm. 1991, Pat Croker, chief geol. Moline; Dave Hackett, pers. comm. 1992, chief 
geol. Woolwonga). 
Fault displacement is either confined to discrete slip surfaces or bedding-planes 
in favorable orientation. These control alteration and location of gangue and ore 
in the limbs of the dissected anticlines. Warping is common in detached slate beds 
adjacent to faults (Fig. 2.2 A). It is inferred that bedding planes in this setting 
were high-permeability zones when the faults were active which is indicated also by 
sulfide and quartz fillings. 
Commonly, the gold-hosting quartz veins contain less than 2 vol.% sulphides ( ar-
senopyrite and pyrrhotite, or pyrite>> base metals in stage 2 veins at Woolwonga). 
Sulphide abundance correlates with the carbon content of the rock. 
Most of the gold occurs within the vein quartz. The gold content of individual 
veins is heterogeneous varying over several orders of magnitude over distances less 
than 50 mat the Woolwonga gold mine (Matthai 1991, unpubl. comp. rep.). 
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A large fraction of the gold veins are of crack-seal type with numerous incorpo-
rated wallrock layers. Crack-seal textures are more abundant in bedding-concordant 
veins and where veins occur in zones of little bulk deformation. Veins along major 
faults have less crack-seal banding and consist mainly of massive quartz which is 
partly recrystallized. Thus, as indicated by the occurrence of crack-seal textures, 
especially structures with small displacememt seem to have experienced intermittent 
passage of fluids i.e. intermittent fluid flow. 
As described earlier, the second gold stage at Woolwonga is characterized by the 
co-precipitation of ankerite, sphalerite and galena together with gold. Tension gashes 
and crack-seal veins formed in which some laminations consist of ankerite and others 
of quartz. Because, by contrast with quartz, ankerite deposition cannot be explained 
by fluid migration down a temperature gradient, the ankerite-alternations could 
reflect enhanced pressure gradients for the duration of the sealing of the respective 
cracks or recurring chemical changes. Alternatively, if ankerite precipitation was 
caused by C02-fluid unmixing, then the latter occurred episodically as reflected in 
the quartz-ankerite alternations. This recurrence could be explained by changes in 
fluid pressure accompanying the crack events in the actively deforming wrench fault 
systems. 
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2.2 Bedding-concordant Veins in Subvertical Fold 
Limbs 
Bedding-concordant quartz veins host most of the gold mineralization at the Cosmo 
Howley-, and the Golden Dyke Dome deposit (e.g., "vein genesis model" Nicholson 
and Eupene, 1984), as well as at the Glencoe prospect. The bedding-concordant 
veins represent a large fraction of the ore at the Chinese Howley-, Mount Shoobridge-
(Burke, 1987), Woolwonga- (D. Hackett, pers. comm. 1992), and Enterprise gold 
mine (Dann and Delaney, 1984). Therefore this style of mineralization is most 
important in the Pine Creek Inlier from a mining point of view. 
Because bedding-concordant quartz veins are the main carrier of gold mineral-
ization at the Cosmo Howley deposit, their textures, gold content, dimensions and 
host rocks are characterized in detail in Chapters 3-5. Hence, this section serves 
partly as a summary of these observations. 
The bedding-concordant gold-quartz veins are continuous and disk-shaped with 
large aspect ratios ::::; 1:400 (Fig. 2.5). At the Chinese Howley Deposit, a 15-20 em 
thick vein was traced for more than 80 m (aspect ratio 1:400). The vein thicknesses 
ranges from a few millimeters to 5 meters and the largest diameters of the veins ex-
ceed 200 meters. The vertical extent of this type of gold mineralization is controlled 
by the host structure and limits have not been reached in any of the exploration 
drill programs at the Enterprise or the Cosmo Howley deposits up to 1992. 
The vein abundance for a given cross-sectional area is very heterogeneous and 
depends on vein thickness. Frequencies per 100m2 range between 2-5 for 5-10 em-
wide or 1-2 for 20 em-wide veins or single 50-100 em-wide veins per 100m2 of cross 
sectional area in economically mineralized parts of the deposits. 
The bedding-concordant veins are commonly larger or more abundant in the 
footwall of carbonaceous slate units in antiforms. This was identified at Big Howley 
(Nicholson and Eupene, 1984), at Cosmo Howley (Osborne Lode, Chapter 3), and 
at Woolwonga. In all three cases the carbonaceous slate units are inferred to have 
been less permeable than the lithologies which host the veins. This will be discussed 
further in Chapter 1, Part II. 
The veins are also more abundant in steeply-dipping, folded dolerite sills or in 
hornfelses which were fractured along bedding surfaces during layer parallel flexural 
slip accompanying folding. In general, vein-rich rock types are characterized by 
a distinct brittle deformation behaviour which is more common in phyllosilicate-
poor metasediments. Vein textures are mainly of crack-seal style with layers of 
detached wall-rock slivers in them (Chapter 3). Commonly, crack-seal laminae of 
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Figure 2.5: Bedding-concordant veins in subvertical fold limbs. 
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quartz contain fragments of contact-metamorphic garnet, andalusite, K-feldspar, 
and cordierite. As in the wrench fault-hosted veins the crack-seal textures indicate 
intermittent fluid flow through the veins. 
Changes in fluid chemistry between individual crack opening and sealing events 
are indicated by a strongly heterogeneous distribution of gold across the veins. In-
dividual vein-parallel fractures may contain tens of inclusions of gold up to 1 mm in 
size while adjacent vein segments are barren. On a larger scale, high-grade zones, 
containing 10-100 ppm gold as defined by grade control drilling and rock chip sam-
pling, seldom extend over horizontal or vertical distances greater than 50 m, even if 
the mineralized vein is continuous beyond this range. This is described in detail in 
Chapter 4 for the Cosmo Howley deposit. 
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Most characteristic of the bedding-concordant style of vein mineralization is the 
lack of contemporaneous deformation of the host structure. Commonly, vein opening 
was purely dilational as indicated by wallrock asperities which can be matched across 
the vein. Frequently, the geometry of the vein wallrock interface on a mm-scale was 
recorded in the vein during antitaxial growth over hundreds of fracture events. This 
allows either hydraulic fracturing or tectonic extension as the causative factor for 
. . 
vem openmg. 
Because most of the bedding-concordant gold vein systems are located relatively 
close to granite contacts, some of the host antiforms were deformed by intrusion. 
Thus it can be speculated that dilation and slip of bedding planes that were reacti-
vated during intrusion initialized these as high permeability zones in which the veins 
were then precipitated. 
The granite contacts crosscut north-trending folds and between the Burnside 
and McMinns Bluff plutons the folds are distorted trending northwest-southeast 
steepening in plunge next to the contacts by contrast with a regional north-south 
trend and close to horizontal plunge of the folds (Fig. 1.1). 
The Howley Anticline is also bent upward against the margin of the McMinns 
Bluff granite south of the Cosmo Howley Deposit (e.g., Fig. 1.3). This may have 
been accompanied by a widening of the interlimb angle and consequent dilation 
perpendicular to the fold limbs. As an alternative mechanism, the veining process 
may have been controlled entirely by the escape of overpressured fluids. This seems 
to apply at least for the vein swarms and stockworks described in a later section. 
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2.3 Veins Restricted to Competent Blocks in Ma-
trix 
At Bridge Creek (Fig. 2.2 B) and Grove Hill, massive quartz-veins are restricted 
to competent sandstone lenses or dolerite sills and fragments thereof within folds 
that pre-date granite intrusion (Fig. 2.6). These less deformable layers or lenses are 
embedded in lithologies which deformed plastically, accommodating significantly 
more of the bulk strain. 
Subvertical layer-restricted veins have a constant thickness and are continuous 
throughout their competent host (Fig. 2.2 B). Horizontal extension veins pinching 
out laterally are also common in the competent layers at the Mount Shoobridge 
Mine and the Grove Hill prospect. Vertical and horizontal veins show mutual cross-
cutting relations indicating a semi-contemporaneous formation. 
The layer-restricted veins vary in thickness from 2 to 70 em and their vertical 
extent seldom exceeds 30 m, i.e. the common thickness of the competent horizons. 
The horizontal extent of densely veined zones in the competent layers perpendicular 
to vein strike varies between 20 to 100 m at Bridge Creek (Fig. 2.2 B) and more 
than 300 m at the Grove Hill prospect. Along strike, the systems can be observed 
discontinuously over a distance up to 1 km. 
At Mount Shoobridge, Grove Hill and Bridge Creek, the predominant orientation 
of subvertical layer-restricted veins is parallel to fold-related slaty cleavage, but 
the veins are not displaced by bedding-parallel flexural slip. This relationship is 
consistent with vein-formation after folding. The veins host variable amounts of 
gold where the competent blocks are embedded or capped by carbonaceous slates. 
In dolerite, gold-bearing veins have a distinct alteration halo with a mineral as-
semblage of pink K-feldspar+arsenopyrite+Au+biotite+muscovite. This alteration 
is described in detail for the Bridge Creek deposit in Sanger van Oepen et al. (1988) 
and provides clear-cut evidence for potassium metasomatism. 
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Figure 2.6: Veins restricted to competent blocks in matrix. 
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2.4 Vein Swarms and Stockworks 
Vein swarms and stockworks occur in subvertical planar zones characterized by 
strong potassic alteration (Figs. 2.7, 2.4 B). At the Moline Mine, these zones are 
restricted to steeply-dipping sandstone beds, but at the Goodall Deposit (Stuart-
Smith,1985) and at the Mount Bonnie Mine (Rich et al., 1984) they occur along-
and parallel to the axial planes of anticlines (e.g., stockwork veins, Nicholson and 
Eupene, 1984). 
lOOm 
50m 
Om 
Meta-Sandstone 
Carbonaceous 
Slate D Slate 
D K-Alteration Envelope 
Figure 2. 7: Vein swarms and stockworks in largely undeformed fluid penetration zones. 
The stockworks/vein swarms with potassic alteration haloes appear to be un-
related to deformation structures and the veins tend to have random orientations 
(Stuart-Smith, 1985). Their location seems to have been controlled by high initial 
permeability of metasedimentary units, but fluid-pressure driven fracturing restored 
permeability upon sealing. 
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At Goodall and Mount Bonnie, swarms of em-sized tension gashes or vein stock-
works (Fig. 2. 7) intersect essentially undisturbed fold structures (e.g., Rich et al., 
1984 (Mount Bonnie); Compston and Matthai, in prep. (Goodall)). Many of these 
veinlets are of crack-seal style and contain arsenopyrite, chalcopyrite, pyrite, K-
feldspar, which were precipitated contemporaneously with vein quartz as indicated 
by mutual overprinting relations between crack- and mineral growth. There are 
no indications that active deformation occurred during the mineralization process. 
While most of the stockwork veinlets are 1-5 mm thick and continuous only for less 
than tens of em, relatively rare, larger veins reach a thickness of 20 em. Most of the 
thicker veins contain mm-thin detached wallrock slices. The density of stockwork 
veinlets ranges from 1.3 to 0.01 per em, as determined from visual estimate in hand 
specimen and thin section. Image analysis of cross-sections of these rock volumes 
shows, that the cumulative volume increase by quartz veining is less than 20 % . 
Native gold occurs within quartz veins or as blebs within arsenopyrite. Outside 
the veins, gold is also dispersed in pervasively sericitized host-rock with biotite-
quartz pseudomorphs after cordierite, K-feldspar, pyrite, arsenopyrite and/or base 
metals. Biotite which forms a major constituent of the alteration halo (:S:40 Vol.%) 
often contains blebs of chalcopyrite and gold as well. Hydrothermal xenotime is a 
common accessory in the aiteration (Compston and Matthai, in prep.). 
Under less-permeable carbonaceous metapelites that cap mineralization in coarse 
greywacke at Goodall, alteration mushrooms out so that the stockwork zone widens 
up to 200-m. This is the site where the highest gold grades were obtained at Goodall 
in 1991 (140 mat approximately 20 ppm). 
Importantly, in stockwork zones, the formation of crack-seal veins in the ab-
sence of external deformation indicates that repeated crack-formation and locally 
intermittent fluid flow was driven by fluid pressurization only. 
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2.5 Veins in Granite Intrusion-Related Listric 
Faults 
Veins in listric faults (Fig. 2.8) host gold mineralization at the Tom's Gully deposit 
(Simpson, 1990). These are also found next to the Rising Tide-prospect, adjacent 
to the Burnside Granite (Fig. 1.1). The listric faults formed on the shallow dipping 
flanks or in the roof of granites. The fault-periphery is marked by an extensional 
crenulation cleavage. 
The gold veins at Tom's Gully are crack-seal textures. Brecciation of the vein 
margins indicates slip along the vein-wallrock interface (Fig. 2.3 B). Vein thickness 
varies between 5 and 250 em with several semicontinuous veins along the fault plane 
(Fig. 2.8). 
At Tom's Gully, the listric shape of the fault (Crabb Fault Zone) is well defined 
by mining and exploration drilling (Simpson, 1990). Most likely, it developed be-
cause of an increase of intrusion-related shear-strain towards the granite contact. 
As discussed in Chapter 1, the Tom's Gully deposit features mutual crosscutting 
relationships between granite-related aplite dikes and the listric faults which hosts 
mineralization (e.g, Shephard et al., 1990). The gold grade and the gold/ silver ratio 
in the veins decreases in the carbonaceous hostrock with increasing distance from 
the granite contact (P. Simpson, pers. comm.). 
Close to the contact of the Burnside Granite, slicken-fiber quartz crystals within 
veins and at the vein-wallrock interface in the listric faults are orientated radial (in 
plan) to this intrusion. In cross-section, the veins exhibit shear fabrics and stylolites. 
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Figure 2.8: Veins in granite intrusion related listric faults. Schematic cross-section show-
ing the structural relationship between the listric fault-vein, dikes, and the intrusive. 
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2.6 Conclusions 
Gold deposits in the central Pine Creek Inlier share the following structural charac-
teristics: 
1. The gold is hosted by predominantly subvertical quartz vein systems which form high 
vein-density arrays along planar zones. Within these zones the rock was subject to 
up to 20 % cumulative volume increase in the lifetime of the hydrothermal system. 
2. Dilatancy, as reflected in the volumetric addition of gold-quartz veins, was controlled 
either by external deformation or by hydrofracturing which occurred repeatedly in 
the same zones. 
3. The permeability in those deposits which were actively deformed during mineral-
ization was controlled by wrench- or listric faults. It was subject to discontinuous 
change accompanying sealing and re-fracturing of (1) faults with small total dis-
placements (::; lOOm), (2) bedding and cleavage planes, and (3) contacts of units 
with different competence. 
4. Gold deposition was accompanied by potassium silicate alteration and precipitation 
of small amounts of pyrrhotite and arsenopyrite. The veins are recrystallized and 
commonly overprinted by retrograde alteration and deformation. 
5. The gold deposits are distinguished by vein systems which extend for several hun-
dreds of meters to ::=;2 km. They occur at an areal density of 0.1-3 per 100 km2 . 
6. Carbonaceous slate is exposed in every deposit and gold-grade varies as a function 
of distance from it. Usually, economically viable gold grades are found where car-
bonaceous slate is present in the vicinity of the veins. Most commonly it caps the 
mineralization. 
7. Except for the style "veins in listric faults", the vein systems follow and/ or transect 
the axial planes of anticlines. They are more common in anticlines which have a 
distinctly large amplitude. 
8. Horizontal extension veins with crack-seal textures indicate that fluid pressure re-
peatedly exceeded lithostatic plus the tensile strength of the rock. 
These constraints show that fluid flow during contact metamorphism was chan-
nelled actively through the fault/vein systems and passively by the structural grain 
which pre-dates granite intrusion. The abundance of quartz, the potassic alteration, 
the high fluid pressures, and the small horizontal variations in metamorphic grade 
indicate that the mineralizing fluids flowed upward and through the contact meta-
morphic temperature gradient. Such a flow pattern has been shown to be typical 
for the earlier stage of contact aureole development during which devolatilization 
occurs (Hanson, 1992). 
In the following chapters, the Cosmo Howley deposit is examined in detail in or-
der to further substantiate some of the general observations described in this chapter, 
and to clarify the relationship between stratigraphy, deformation, gold content of 
quartz veins and gold distribution on deposit scale. 
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Summary 
The Cosmopolitan Howley Gold Deposit ("Cosmo Howley", Fig. 1.1, Chapter 1) 
has been subject of a comprehensive study investigating its deformation history, 
structure, petrology and alteration, as well as the petrography and sedimentary 
environment of the host rock sequence (Matthai and Henley, in prep.). The inte-
grated results permit a close characterization of the site of gold deposition of the 
ore-forming system in the central Pine Creek Inlier (cf., Fig. 0.1). 
Cosmo Howley is hosted by an Early Proterozoic metapelite - metapsammite 
sequence grading into carbonaceous slates in the hanging wall (Koolpin Formation, 
Needham et al., 1980) These sediments are overlain by pyroclastics and turbiditic 
greywackes. Three dolerite sills of the Zamu Dolerite (~1880 Ma, Table 1.1, Chapter 
1) are exposed in the open pit and form part of the Howley (ramp) Anticline which 
developed during the Barramundi Orogeny (chapter 1). During this deformation 
barren quartz veins (QVO) _were formed. 
At Cosmo Howley, contact metamorphism was associated with the formation of 
bedding-concordant, low-sulphide gold-quartz veins ( QV1). The veining appears to 
have overprinted the Howley Anticline as a passive structure, i.e. largely during a 
period of tectonic quiescence. The QV1 are most abundant in hornfels beds and 
dolerite sills and occur over a vertical distance of at least 900 m in the subvertical 
limbs of the Howley Anticline. Most of these veins contain antitaxial crack-seal 
textures indicative of incremental growth by repeated quartz + sulphide precipita-
tion along the vein/wallrock interface. The QV1-alteration assemblage biotite+K-
spar+andalusite+cordierite in the hornfels/metapelite indicates gold deposition at 
high temperature (550- -620°C). K-spar+biotite+muscovite alteration in the do-
lerite, restricted to narrow vein-selvages which also contain disseminated arsenopy-
rite and/or pyrrhotite, indicates K-metasomatism in association with gold-quartz 
veining. The QV1-veins however contain gold only where they occur in the hornfels 
in the vicinity (~50 m) of carbonaceous slate units. Veins in the carbonaceous slate 
are barren. On the deposit scale, QV1 formation was accompanied by pervasive 
addition of potassium and leaching of sodium and calcium (Matthai and Henley, in 
prep.). 
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The QV1 veins were overprinted first by the superposed folding (Chapter 1) and 
contemporaneous fabric development followed by reverse faulting. Later, transpres-
sional strike-slip deformation was accompanied by extensive alteration (amphibole, 
spessartine, carbonate), the precipitation of sulphide lenses, and quartz-vein forma-
tion (QV2). During this deformation gold was locally precipitated in sub-economic 
quantities. Barren pegmatitic quartz + tourmaline + K-spar + celsian + mus-
covite + apatite veins and subhorizontal tension-gashes (QV3) also formed during 
the shearing event. By analogy to the QV1 veins, a magmatic origin of the fluid 
phase is indicated and consistent with the contemporaneous intrusion of felsic dykes 
into the shear. Normal faults subsequently developed indicating onset of extension. 
They host quartz - carbonate - chlorite and/ or quartz -carbonate - galena - spha-
lerite veins (QV4 and QV5). 
The results of this integrated field study constrain the genetic history of the 
Cosmo Howley deposit. Most likely, the evolution of structure from QV1 to QV3 
was continuous, while QV5 represents a discrete and much younger event. Thus, 
it is likely that, by contrast with early gold mineralization, the late, pronounced 
alteration and pegmatitic veining (QV2-QV3) reflect an increased flux of magmatic 
fluids (and melts) which were focused by the transpressional strike-slip deformation. 
The abundance and vertical extent of the QV1 veins indicate a significant flux of fluid 
(Fluid 1) which was focused through the veined and locally mineralized units. The 
restriction of the gold to the veins and the dependence of gold grade on proximity 
to carbonaceous slate indicate that mixing of Fluid 1 with methane/C02-rich fluid 
(Fluid 2) derived locally from the carbonaceous slate, rather than fluid-rock reaction, 
was instrumental in gold deposition. 
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3.1 Introduction 
The Cosmopolitan Howley gold deposit is one of a number of significant gold deposits 
in the Northern Territory, Australia (Fig. 1.1) that have been developed in the last 
decade. The exploration history of the Cosmo Howley deposit has been summarized 
by Alexander et al. ( 1990) and Alexander ( 1991). Gold was first discovered at Cosmo 
Howley in 1873 and was worked intermittently until 1904, with the production of 
about 80,000 tonnes(t) of ore at 10.5 gjt gold (Blanchard and Hall, 1934). There was 
intermittent exploration between 1930 and 1970 when a number of major companies 
commenced more intensive exploration. Diamond holes drilled in this period to 500 
m vertical depth located narrow zones of high-grade mineralization. 
The current operation was brought into production by Dominion Mining Ltd in 
1987 initially as an open-pit, heap-leach operation based on oxide reserves of 950,000 
t at 2.4 gjt gold. Subsequent drilling in 1988 upgraded the pitta.ble resource to over 
5 Mt at 2.9 gjt (Main Pit, Fig. 3.4). An additional resource of 3 million t at 2.3 
gjt was defined to the southeast and was mined as the Phantom Pit from 1989 to 
1992. 6.5 Mt at 2.3 gjt have been mined to a. vertical depth of 120 m from the 
Cosmo Howley and Phantom pits, leaving an in-pit reserve of 1 Mt at 2.9 gjt of 
primary ore, which was mined in 1992. The global resource for Cosmo Howley to 
270m comprises a total of 10 Mt at 2.75 gjt gold, i.e. 27.5 t.(0.9 million ounces) of 
gold, and the potential for higher-grade mineralization at depth is currently being 
evaluated. 
Objective resolution of the respective controls on grade and the geometry of 
mineralization provide an important guide to exploration elsewhere in the Pine Creek 
Inlier. These potential applications provided the basis for my research program 
sponsored by Dominion Mining between 1990 and 1993, the results of which are 
reported in this and the next two chapters. 
This chapter describes the petrology and structural evolution of the metased-
imentary sequence at Cosmo Howley and the controls on the localization of gold 
mineralization. Emphasis is placed on the relative timing of the episode of gold 
quartz crack-seal veining and contact metamorphism and its relation to deforma-
tion events. In addition, a detailed description and discussion of the strong defor-
mational overprint of primary gold mineralization is included, which is considered 
important, because both deformational and thermal overprint have strongly modi-
fied the orebody geometry. Furthermore, gold was mobile during the late shearing 
event. The exposure of mineralization at Cosmo Howley to repeated deformation 
coupled with thermal events provide a. unique possibility to examine gold deposit 
modification and comparison of conditions favorable for crustal gold concentration 
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with those leading to re-dispersion and orebody fragmentation. More importantly, 
overprinted gold deposits are the rule rather than the exception in the Archean or 
Proterozoic which may have led to mis-interpretations of their genesis. For over-
all guidance through the following detailed descriptions, a summary of tectonism, 
metamorphism, intrusive activity, and veining is given in figures 3.1 and 3.3. 
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Figure 3.2: Opposite Page: Metasedimentary host-rock rock sequence of the Cosmo 
Howley deposit. 
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3.2 Petrography 
The sedimentary sequence of the Cosmo Howley deposit has been described in detail 
by Matthai and Henley (in prep. )(Fig. 3.2). In summary, the sequence marks the 
transition from a coastal to a deltaic, supratidal to terrestrial environment with algal-
rich mudflats and a continental sediment input. The mudflats were subjected to a 
transgression during which kerogen-rich black shales were deposited. Subsequent 
uplift or regression was accompanied by felsic volcanism and later by subsidence 
and the deposition of post-orogenic flysch. Sedimentary units which have previously 
been ascribed a deep water and an iron-formation origin have been shown to have 
originated as shallow water sediments whose composition was modified by authigenic 
and diagenetic processes including silicification and minor iron enrichment. 
Mining has exposed about 240 m of the metasediments intruded by three sills of 
altered quartz tholeiite, each 30 to 40 m thick, which form part of the Zamu Dolerite 
(1880 Ma, Stuart-Smith et al., 1980). The lowest of the dolerite sills (sill I Fig. 3.2) 
intrudes the Wildman Siltstone (Stuart-Smith, 1992, pers. comm.), the second 
divides overlying biotitic slate and nodular meta hornfels and the third separates 
the carbonaceous slate into two approximately 30 m wide beds. The three sills will 
be referred to as markers in the following descriptions. 
The Gerowie Tuff (phyllite, Fig. 3.2) consists of finely crystalline phyllosilicate 
layers (biotite > muscovite > late chlorite > quartz >> andalusite, carbonaceous 
matter > ilmenite, rutile, sphene, apatite). 
The quartz-biotite schist forms more strongly foliated beds (up to 30 m wide) 
with a lepidoblastic fabric defined by biotite and minor muscovite, abundant K-
feldspar, little cordierite, garnet and andalusite. Cordierite porphyroblasts (~5 
mm), altered to muscovite and chlorite, are more abundant immediately beneath 
the abrupt contact with the choritized biotitic slate units (Fig. 3.2). 
The chloritized biotite slate consists of the contact metamorphic assemblage 
quartz, biotite, muscovite, rare K-feldspar, cordierite, andalusite, and garnet. The 
biotite and cordierite are chloritized to a degree depending on late deformational 
overprint while K-feldspar is sericitized. The garnet forms two discrete generations of 
early almandine and late spessartine-rich almandine in shear zones. Post-kinematic 
chloritoid overprints shear zones. Traces of poikiloblastic ilmenite, post-kinematic 
rutile, and sphene are also present. 
Beds of nodular laminated hornfels (Fig. 3.2) are distinctly more competent 
than the chloritized biotite slate and have a granoblastic to porphyroblastic tex-
ture. They have a smooth or rough cleavage (Borradaile, 1982) with a spacing 
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in the range of 5-50 em. Furthermore, they contain wiggly laminations that rep-
resent variations in the content of quartz, actinolite and grunerite-cummingtonite 
partly pseudomorphing cordierite, carbonaceous matter, biotite, minor K-feldspar, 
and sericite. The amphibole and cordierite are now largely chloritized. Accessory 
minerals are ilmenite, rutile, sphene and andalusite. Occasionally, the hornfels also 
contains carbonaceous, millimeter- to centimeter-wide, garnet-dominated laminae. 
Again, there is an early generation of almandine, and a shear-related generation of 
spessartine-rich garnet. The beds and nodular layers of chert consist of fully re-
crystallized granoblastic quartz 2-200 em thick, and largely free from any inclusions 
(Matthai and Henley, in prep.). 
The carbonaceous slate is the least competent lithology at Cosmo Howley and its 
slaty cleavage spacing is 3-15 em. Carbonaceous matter, quartz, biotite, sericite, an-
dalusite, and minor garnet form the prevailing mineral assemblage which has locally 
been chloritized in association with late deformation. Accessory phases are poikilo-
blastic pyrrhotite, ilmenite, and apatite. Texturally late accessories are sphene, tour-
maline, carbonate, chloritoid and apatite. Locally the carbonaceous slate contains 
altered cordierite porphyroblasts. Distinctly harder intercalations consist mainly of 
carbonaceous matter in a finely crystalline quartz matrix. 
The dolerite sills that divide the sequence exposed in the open pit (Fig. 3.2) are 
generally coarse-grained and heavily altered. Primary components are chloritized 
relict hastingsite, obliterated plagioclase, amoeboidal quartz, and skeletal ilmenite; 
secondary minerals are altered K-feldspar, biotite, chlorite, sericite, rutile, and car-
bonate. Locally, remnants of an intersertal texture are visible. Close to intrusive 
contacts (:::;5 m), hastingsite relicts are finely-crystalline. Carbonaceous slate and 
dolerite at these contacts are strongly sericitised and commonly penetrated by a 
ramifying network of supergene em-thick hyalite veins. The crystal size of the relict 
hastingsite in the dolerite increases away from the more intensely altered margins, 
up to an average of about 1 em. 
Several dykes cut the dolerite and metasediments and are fully altered to sericite, 
chlorite, quartz, and clay minerals. This dike residue is high in Zr and Ph and low 
in Ti and Cr, indicating an originally felsic composition (samples 93097, 93351, 
Appendix B). 
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Figure 3.3: Cross-cutting relationships of the quartz-vein sets, QVO to QV5. See Table 3.1 
for descriptions of vein assemblages. 
STRUCTURE AT COSMO HOWLEY 92 
3.3 Structural Relations 
Gold mineralization at Cosmo Howley is directly related to quartz veining, which 
developed in response to contact metamorphism due to the emplacement of the 
McMinns Bluff Granite (Fig. 1.1). The deposit was subsequently deformed by sev-
eral folding and faulting events, resulting in the highly complex ore body which is 
currently mined. The following paragraphs describe, in the order deduced for their 
formation, each of the structural features which are exposed at Cosmo Howley. The 
relationships in time and space (Fig. 3.1) between the structural elements, quartz 
veining, and regional granite intrusion and metamorphism are described in detail 
below. 
3.3.1 The Howley Anticline 
By contrast to the gentle plunge of the Howley Anticline north of Cosmo Howley 
(Figs. 1.1, 1.3, Chapter 1), the curvature of the second dolerite sill (Fig. 3.2) exposed 
in the Main Pit defines a plunge of 50° to the northwest (Fig. 3.4). Intersections be-
tween a locally preserved slaty cleavage and bedding indicate a plunge of more than 
45° towards the northwest and this is consistent with bedding-cleavage intersections 
measured for up to 5 km south from the deposit. At Cosmo Howley the axial plane 
of the Howley Anticline dips steeply to the west at 75-90°. Folding was mainly by 
:flexural slip, as indicated by sheared or brecciated contacts between the carbona-
ceous slate and dolerite or nodular hornfels, and by the fairly constant thickness of 
the beds throughout the fold. This contrasts with mullion structures (Wilson, 1953) 
in the nodular metasiltstone beds of the eastern limb, which indicate local thicken-
ing. Parasitic folds with a wavelength of 1 to 8 m, indicating hinge-thickening, are 
also present. 
An anticline-related reticulate cleavage (Crook, 1964) is preserved in some of the 
chloritized biotite slate beds. In the Howley Anticline a weak foliation defined by 
sericite and/or green biotite (depending on rock composition), is present. Oblique 
to this foliation, millimeter-to-centimeter thick quartz veins (QVO, Table 3.1) were 
found that are crenulated and thereby shortened by up to 60 %. Because these 
veins were :flattened during the development of the Howley Anticline foliation, they 
predate the formation of that foliation. 
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Figure 3.4: Opposite page: Simplified structural map of the Cosmo Howley Main and 
Phantom pit (as in November, 1991). The dashed lines define the pit outline, the wider 
terraces, and the pit floor, so that, for instance, the areas between the RL 1090 and the 
RL 1170 represent the pit walls, that are projected into plan. The larger faults associated 
with the Main Pit Shear Zone are represented by lines with a checkered pattern. 
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A further structure which predates the formation of the Howley Anticline is 
a regionally mapped decollement between the Koolpin Formation and the Mount 
Partridge Group (Johnson, 1984). In the Phantom Pit (Fig. 3.4, "tectonic contact" 
in Fig. 3.2), this decollement marks the contact between carbonaceous quartzites 
and slates in the footwall and biotite schists in the hanging wall. The decollement 
is bedding-concordant and folded by the Howley Anticline. 
3.3.2 Early quartz veins with gold, pyrrhotite, and ar-
senopyrite (QVl) 
Early quartz veins (QV1) with gold, pyrrhotite, and arsenopyrite (Table 3.1) post-
date the Howley Anticline and are bedding-concordant (Figs. 3.3, 3.5 A, B). They 
formed by the crack-seal mechanism (Ramsay, 1980; Cox, 1987) reviewed in fig-
ure 1.5 (Chapter 1), and carry the gold mineralization (Chapter 4). The aspect 
ratio (length/width) is ~10 for QV1 veins :::;5 em wide, and ~50 for those ~5 em 
wide. The QVl veins taper gradually towards their terminations, both along strike 
and down dip. They follow nodular layers, compositional laminations and bedding 
contacts. The QV1 veins appear to be restricted to the limbs of the Howley An-
ticline, where they are more abundant in the quartz-nodular hornfels than in the 
chloritized biotite slate. Smaller QV1 veins (:::;5 em thick) occur preferentially at 
slightly more micaceous interfaces between nodular quartz layers and their matri-
ces. Nodules are sometimes incorporated by the crack-seal veins, causing the veins 
to bulge slightly around them. Some of the bedding-concordant QV1 veins are con-
nected by less frequent QV1 veins oblique to bedding. The oblique veins are most 
abundant in the dolerite in the northwest of the Main Pit and reach a thickness of 
7 m. Interestingly, QV1 veins in the third dolerite sill, which, like the other do-
lerites, has an essentially isotropic texture, are parallel to QV1 veins in the adjacent 
carbonaceous slates. 
The internal structure of QV1 quartz veins is characterized by detached wallrock 
sheets or local centimeter-sized angular wallrock fragments (Figs. 3.5A, B, 3.8 B). 
These macroscopic inclusions, with 0.2 mm to 2 em typical thickness normal to the 
vein walls, have an average spacing of ~15 mm. Microscopic inclusions occur as 
well (Fig. 3.6 B). Frequently the shape of slabs mimics the vein boundary. In many 
QV1-veins, the two margins of the vein would still fit together upon removal of the 
quartz and the matching asperities are not offset along the vein. This indicates vein 
opening by pure dilation and is a common feature of the Au-crack-seal veins. In 
this context, randomly oriented flakes of biotite in syn-contact metamorphic clots 
seem to indicate largely isostatic stresses during veining. Occasionally however, 
matching fragments, such as disrupted garnet crystals (Fig. 1.5, Chapter 1), K-spar, 
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andalusite and/or cordierite, were displaced along the vein during growth. They 
indicate oblique vein opening at angles between 25 and 80° and vein formation after 
some of the contact-metamorphic minerals had formed. The vein quartz is largely 
recrystallized (Figs. 3.6 B, 3.7 B). Recrystallization is less intense where the QV1 
veins are present in the carbonaceous slates and approximately 150 crack-seal events 
were counted in veins less than 8 em thick (Fig. 3.8 B). The abundance and thickness 
of carbonaceous wallrock slivers decrease from the margins toward the center of the 
QV1 veins (Fig. 3.8 B). This implies that the slivers were progressively dissolved 
after being incorporated into the veins, if it is assumed that there were no changes in 
the ratio of volume of quartz precipitated to volume of wallrock slivers incorporated 
during formation of the veins. 
The abundance and thickness of QV1 veins is strongly heterogeneous on the de-
posit scale. QV1 veins follow bedding contacts where these are intensely deformed 
because of lithological competence contrasts. In the nodular hornfels pronounced 
competence contrasts exist between the recrystallized chert and the matrix. This 
may explain why QV1 veins are more abundant in this lithology. QV1 vein abun-
dance decreases from the Main Pit towards the Phantom Pit. This indicates a 
higher vein abundance directly below the carbonaceous slate unit in the stratigra-
phy (Fig. 3.2). Areas of high abundance of QV1 veins contain centimeter-sized QV1 
veins at a spacing of 5-25 em, 10 em-size veins every 70-200 em, and >50 em-wide 
veins every 5-25 m. 
The observations on the scale of the mme, suggest that the QV1 vems were 
emplaced passively into the pre-existing Howley Anticline during a period of tectonic 
quiescence and thermal relaxation. Arguably, because of the strong deformational 
overprint, evidence for a control of the location of QV1 veins by contemporaneous 
deformation is absent, except for the occasional, late QV1 veins described below. 
V.Set 
QVO 
QVl 
QV2 
QV3 
QV3 
QV4 
QV4 
QV5 
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Characteristics 
crenulated veins: recrystal-
lized veins oblique to bedding, mm - em 
thickness 
gold-quartz veins: continuous crack-seal 
veins with moderate variations in thick-
ness and a length-to-width ratio >10. Sub-
vertical, concordant or oblique to bedding. 
Quartz partly recrystallized. Length: 5 50 
m, width: 5 400 em. 
subvertical quartz veins: 
coarsely crystalline, continuous, straight, 
massive, bedding-discordant, recrystal-
lized. Length: ? 30 m, width: 5 40 em. 
tension gashes: isolated quartz lenses 
pinching out along strike, with crack-seal 
texture partly obliterated by dynamic re-
crystallization. Length: 5 2 m, width: 
5 20 em 
subvertical veins: continuous with moder-
ate variations in thickness. Length: 5 30 
m, width: 5 50 em. 
dilatant jogs: rectangular or triangular, 
terminated by faults, joints or bedding 
planes. 
qtz-chlorite-carbonate veins: crack-seal, 
semi-continuous, predominantly shear-
parallel, subvertical, sometimes sheared or 
fragmented. Length: ? 2 m, width: 5 15 
em 
vuggy fault-breccia veins: along normal 
faults. Length: ? 50 m, width: 5 35 em 
Mineral Assemblage/ Alteration 
quartz 
Vein: quartz + K-spar + biotite + 
pyrrhotite + arsenopyrite + chalcopy-
rite + native gold; metasedimentary 
wallrock: K-spar + andalusite + biotite 
+ cordierite ± muscovite + pyrrhotite 
+ arsenopyrite + chalcopyrite± gold; 
dolerite wallrock: Kspar + biotite + 
serizite + arsenopyrite + pyrrhotite 
Vein: quartz + calcite + dolomite(in 
dolerite) + pyrite + arsenopyrite; 
wallrock: actinolite + grunerite-
cummingtonite + biotite + tourmaline 
+ spessartine + arsenopyrite + pyrite 
+chalcopyrite± trace gold; arsenopy-
rite + loellingite + pyrrhotite in deep 
drill core 
Vein: quartz + Kspar + tourmaline 
+ muscovite ± pyrite; wallrock: mus-
covite+ celsian + apatite+ tourmaline 
+ arsenopyrite + pyrrhotite + pyrite + 
chalcopyrite + zircon + rutile + mon-
azite+ xenotime 
Vein: quartz + Kspar + tourmaline 
+ muscovite ± pyrite; wallrock: mus-
covite + celsian + apatite + tourma-
line+ pyrite+ chalcopyrite+ zircon + 
rutile + monazite + xenotime 
Vein: quartz + calcite + pyrite + chlo-
rite; wallrock: calcite-ankerite + chlo-
rite + pyrite ± barite 
Vein: quartz + chlorite + carbonate + 
pyrite + marcasite ± py ± cpy 
Vein: yellow sphalerite + galena + 
quartz + Fe-chlorite + calcite-siderite 
+ hematite ± barite 
Table 3.1: Quartz vein generations and associated alteration at Cosmo Howley. V .Set = 
vein set. 
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Figure 3.5: Opposite page: Bedding-concordant, gold-bearing crack-seal veins (QVl) in 
quartz nodular hornfels. 
A - QVl vein with associated disseminated arsenopyrite ( Apy) in garnetiferous hornfels. 
Rare example where the vein margin pre-dates the superposed folding event while the 
vein core formed at a later stage. The oblique quartz-filled fracture in the wallrock also 
pre-dates the core of the vein. 
B - Footwall margin of a 20 em-wide quartz vein (QVl) in quartz-nodular laminated 
hornfels. The vein contains slivers of wallrock rimmed by finely-crystalline arsenopyrite 
with blebs of gold (white arrows). The vein quartz is massive and recrystallized. The 
wallrock is disseminated with arsenopyrite and contains pyrite replacements which define 
a foliation that is associated with late shearing (Main Pit Shear). 
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Figure 3.6: Opposite page: Photomicrographs of a gold-bearing quartz vein (QVl) and 
its alteration halo (1). 
A - Recrystallized (QV1) vein from the quartz-nodular laminated hornfels. Crossed 
Nichols; The crack-seal bands ( csb) are defined by biotite (Bt ). Muscovite (Ms) partly 
replaces a band of K-feldspar in the vein. Recrystallization is evident from the 120° equi-
librium grain boundary-triple-junctions. 
B - em-wide alteration selvage next to a gold-bearing quartz vein (QV1) from quartz-
nodular hornfels in the Phantom Pit (Sample 93134). Gold content of the vein 22-56 
ppm (cf., Chapter 4). Crossed Nichols; Large sericitized K-feldspar (Kfs) porphyroblasts 
intergrown with biotite (Bt) and andalusite (And). The silicate assemblage is in textural 
equilibrium with disseminated arsenopyrite (A py). 
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Figure 3.7: Opposite page: Photomicrographs of a gold-bearing quartz vein (QVl) and 
its alteration halo (2) (Sample 93134). 
A - em-wide alteration selvage next to a gold-bearing quartz vein ( QVl) from quartz-
nodular hornfels. Paragenesis of cordierite (Crd), K-feldspar (Kfs), biotite (Bt) and ar-
senopyrite (Apy). Because of the strong deformational and hydrothermal overprint on 
gold quartz veins ( QVl) cordierite is commonly strongly altered or replaced by chlorite 
aggregates. 
B - Recrystallized margin of the same quartz vein with K-feldspar (Kfs) and altered 
cordierite ( Crd ). Parts of these porphyroblasts are missing, because they have been incor-
porated into the vein during antitaxial increments of vein growth. 
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Figure 3.8: Opposite page: Reverse-fault related shear fabric and QVl-vein texture. 
A - Shear fabric in the biotite-schist of the western-limb of the Howley Anticline below 
the reverse fault in the Phantom Pit (Phantom Thrust). The foliation wraps around an 
altered cordierite porphyroblast ( Crd) with quartz fringe structures indicating sinistral 
displacement in the plane of the photograph. The recrystallized quartz vein in the lower 
part of the photo consists of pinch- and swell-structures, i.e. incipient boudins. 
B - QVl crack-seal vein in the carbonaceous slate. The crack-seal texture is indicated by 
detached wallrock laminations (black arrow), crack-seal banding, and incipient wallrock 
detachment marked by tension gashes (white arrow) in the vein selvage. The abundance 
and thickness of carbonaceous wallrock slivers decreases from the vein margin towards the 
center. The dark "zig-zag" -pattern in the vein consists of tiny carbon slivers at a regular 
spacing of 10 11m perpendicular to the strike of the vein. These fragments appear to have 
been detached selectively from the wallrock (e.g., black arrow). The detailed mechanism 
is subject of further investigation (Matthai in prep.). 

STRUCTURE AT COSMO HOWLEY 101 
Figure 3.9: Opposite page: Kink fault and QV4 crack-seal vein. 
A- Kink fault in the nodular hornfels in the overturned east-limb of the Howley Anticline 
below the second dolerite sill. The fault has a normal displacement of 1-2 m. 
B - Photomicrograph (crossed Nichols) of quartz-carbonate-chlorite crack-seal vein ( QV 4 ). 
Chlorite crystals ( Chl) in the laminae are oriented with their C-axis parallel to the vein. 
Only the carbonate (Cal) at the right margin of the vein is recrystallized. Altered stellate 
actinolite (Act) at the left margin of the vein formed earlier during the Main-Pit Shear 
event. Compare with photomicrograph from QVl vein (Fig. 3.6 A) for the obliteration of 
characteristic crack-seal features in the quartz veins by deformation and recrystallization. 

'. i 
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Figure 3.10: Opposite page: Deformation structures of the Main Pit Shear event (1). 
A - Quartz vein (QV2) cutting across a tight (superposed) fold in carbonaceous slate in 
the northern periphery of the Main Pit Shear. The fold plunges subvertical near parallel 
to the shaft of the hammer. The plane below the head of the hammer is a bedding plane. 
B - Vuggy, sulphide-filled saddle reefs (big white arrows) in a drag fold of the Main Pit 
Shear periphery, in the carbonaceous slate of the eastern limb of the Howley Anticline. The 
sulphide infills formed during the folding. By contrast, a recrystallized quartz vein( QVl) 
follows around the hinge zone with constant thickness. In its periphery, layer-parallel 
flexural slip has accompanied the formation of mm-size parasitic folds in the hinge (small 
white arrow). 
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Figure 3.11: Opposite page: Deformation structures of the Main Pit Shear event (2). 
A - Sulphide infills (Py) in dilatant jogs and bedding-concordant tension gashes in car-
bonaceous slate in the periphery of the Main Pit Shear. 
B - Drag folds in chloritized biotitic slate in the northeast wall of the Main Pit. The folds 
have been rotated with their axis into the plane of the Main Pit Shear and the right limb 
of the fault in the front was sheared off. A second-order detachment fold occurs in the 
sun-lit core of the drag fold in the background. The light-coloured rock in the far back of 
the image is an altered felsic dike which intruded the Main Pit Shear. 
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Figure 3.12: Opposite page: Deformation structures of the Main Pit Shear event (3). 
A- Tension gashes (QV3) cross-cutting quartz veins (QV2) in the metasiltstone with car-
bonaceous laminae (Wildman Siltstone, Mount Partridge Group) in the periphery of the 
Main Pit Shear in the northeast of the Phantom Pit. The tension gashes form a ladder 
that intersects and offsets the vertical ( QV2) vein. 
B - Tourmaline (Tur) alteration selvage of tension gash (QV3) in laminated, partially 
carbonaceous meta-siltstone (Wildman Siltstone, Fig. 3.2). More commonly, especially 
in the quartz nodular hornfels and biotite schist, a greenish-yellow alteration envelope is 
developed near to QV3 veins. Also em-sized muscovite and K-feldspar crystals occur in 
the vein selvage. 
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Figure 3.13: Opposite page: Vuggy quartz veins (QV5) with wallrock fragments and 
sulphides. 
A - concordant age of common lead of around 1600 Ma was obtained from a lump of galena 
in the vein in (B) (Chapter 5). 
A - Vuggy breccia vein (QV5) from a normal fault in the Main Pit. (wr) denotes frag-
ments of chloritized biotitic slate that are supported by the quartz matrix of the vein. The 
wallrock fragments are often surrounded by acicular quartz crystals. 
B - Photograph of a big thinsection of a quartz vein (QV5) with galena (Gn) and yellow 
sphalerite (Sp) with growth-banding. Euhedral quartz crystals (white arrow) at the right 
termination of the sphalerite band indicate that the latter represents an infill of a cavity. 
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3.3.3 Superposed Folds and Faults 
Superposed folds and faults formed after the emplacement of the McMinns Bluff 
Granite of the Cullen Batholith and contemporaneously with the intrusion of the 
Burnside Granite. They fold the QV1 veins and complicate the simple, reclined 
Howley Anticline (Fig. 3.4). In the carbonaceous slates, superposed folds are con-
centric, layer-parallel, flexural-slip folds that have a wavelength of 100-150 mandan 
amplitude of 80-100 m. Layer-parallel slip, caused by the flexing, is also indicated by 
surfaces containing oblique stylolites (slickolites, Ramsay and Huber, 1987). ·These 
are frequently coated with pyrite. The slickolites are perpendicular to the folds and 
displace a fold-related, divergent slaty cleavage. Peripheral to folded QV1 veins the 
cleavage is refracted and convergent. Parasitic folds within QV1 veins in super-
posed folds indicate lesser amounts of vein-parallel shortening relative to the host 
rock. Dolerite sills, 15-20 m thick, were bent plastically in the northeast part of the 
Main Pit in this folding event (Fig. 3.4). 
Fold hinges are collapsed where thick QV1 veins (:2:20 em) are tightly folded 
(wavelength ~5 m, amplitude >3 m). Superposed folds are also common in the 
nodular hornfels in the western part of the Phantom Pit (Fig. 3.14). In contrast, 
between the second and the third dolerite sill in the west of the Main Pit, the quartz-
nodular laminated hornfels is only slightly flexed (wavelength 20-30 m, amplitude 
< 8 m). Because most of the QV1 veins mechanically influenced the habit of the 
smaller superposed folds, the veins are clearly older than these folds. However, in 
rare cases, folded centimeter-scale QV1 veins with originally straight crack-seal lam-
inae and straight margins were found next to non-folded QV1 veins with crenulate 
margins and wallrock folded prior to incorporation. Because the incorporated wall-
rock fragments were crenulated prior to their inclusion in the small QV1 veins, they 
indicate incipient north-northwest / south-southeast compression (e.g., superposed 
folding) contemporaneous with the termination of QV1 veining. Further evidence of 
this are QV1 veins that show moderate bulges due to fold-confined differential slip 
of individual layers (Fig. 3.15). Minor, barren, crack-seal overgrowth contempora-
neous with the superposed folding has also been noted on some QV1 vein margins. 
Superposed folding induced a macroscopic crenulation cleavage which is best seen 
in the fold hinges and also generally in the biotite schists in the Phantom Pit. The 
schists contain tight chevron folds with a pronounced foliation of biotite, which has 
obliterated the primary foliation and bedding. However, the foliation is only weak 
in folded quartz-nodular laminated hornfels. 
A 8 
Fault breccia 
.:::;::::::::::::::::::::::::::::::::::._. 
-I 
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Figure 3.14: Opposite page: West wall of the Phantom Pit: A reverse fault, the Phan-
tom Thrust, separates the tightly-folded, steep southwest-dipping inner west limb of the 
Howley Anticline in the footwall from the juxtaposed mildly-folded outer west-limb in the 
hangl.ngwall. 
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Conjugate faults and master joints commonly continuous over 25 m are present 
in both pits. They are uniformly orientated throughout and dip at low angles to the 
northeast and southwest respectively. They show mutual overprinting on the slaty 
cleavage of the superposed folds, suggesting that they developed contemporaneously. 
Moreover, some faults are bent owing to later tightening of the folds, and continuous 
beds are displaced along them in the range 0-1.5 m. I estimate that the fraction of 
the overall northwesterly horizontal shortening, that occurred along these conjugate 
faults is of the order of 20 %. 
bulge formed by layer-detachment folding 
crack-seal, wallrock laminae 
detached after folding 
Figure 3.15: A bulge in the wallrock of a late quartz vein ( QVI) induced by layer-parallel 
flexural-slip during vein formation. 
3.3.4 Reverse and Kink Faults 
Reverse and kink faults were formed during regional east-directed thrust faulting 
that postdated the emplacement of the Burnside Granite. A 2-15 meter-wide reverse 
fault, here named the Phantom Thrust, strikes from the south-western part of the 
Phantom Pit to the north-eastern part of the Main Pit (Fig. 3.4). A minimum 
displacement of 40 m along it is indicated by the offset of the second dolerite sill in the 
western-limb of the Howley Anticline. The reverse fault juxtaposed the mildly flexed, 
shallow-dipping outer western limb against the tightly superposed-folded, steeply 
dipping, inner western limb of the Howley Anticline in the footwall (Fig. 3.14). 
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In doing so it partly coincided with, and reactivated, the pre-granite decollement 
between the Mount Partridge Group and the Koolpin Formation (Johnson, 1984). 
The Phantom Thrust is among the largest of many shallow west-northwesterly-
dipping reverse faults that follow the contact between the metasediments and the 
dolerite, and dissect and/or dismember the dolerite. These faults occur as broad, 
brittle shear zones in the carbonaceous slates of the northern part of the western 
limb, and as ductile shears in the porphyroblastic schists in the southwest of the 
Phantom Pit. 
The Phantom Thrust (Figs. 3.4, 3.14) is filled by a hematite-quartz breccia con-
taining altered dolerite clasts. Locally, lenses of hydrothermal dolomite and calcite, 
up to 10 m long, with galena and sphalerite, occur along, and are boudinaged in, 
the fault plane. The recrystallized carbonate forms breccias containing fragments of 
quartz-nodular laminated hornfels with minor euhedral disseminated arsenopyrite 
and chalcopyrite. The dolerite in the hanging wall of the fault is intensely altered 
and has a trapezoidal cleavage. The Phantom Thrust continues through the dolerite 
body between the two pits as a brittle shear zone (Fig. 3.4). In this dolerite, the 
fault fabric is characterized by anastomosing shear bands that separate subangular 
lozenges of altered dolerite. The lozenges are coated by fibrous, chloritized biotite 
indicating the direction of differential movement. Two intra-fault shear-plane ori-
entations dominate. Irregular fracture systems are limited to the interior of the 
lozenges. Angles between the Phantom Thrust and the two internal shear-band sets 
vary between 20-35° and 60-75°, respectively. The variations result from the curved 
shape of the shear planes. Among the components of the fault breccia are fragments 
of QV1 veins and metasediments that were dragged along the fault for at least 30 m 
over the dolerite. 
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More reverse faults follow the carbonaceous slates on the northwestern side of 
the Main Pit. They imbricate the third dolerite sill into blocks ( 5-35 m long) which 
are enveloped and interspaced by highly sheared and brecciated slate. The faults 
have also caused a repetition of the stratigraphy, so that nodular hornfels beds recur 
above carbonaceous slates that contain two dolerite layers instead of one (Fig. 3.16). 
Imbricate fans extend upwards from the larger reverse faults ((Fig. 3.16). 
In the footwall of the Phantom Thrust (Fig. 3.14), zones in the biotite schist con-
tain a stretching lineation plunging 60° to the northwest and a foliation that· wraps 
around garnet and cordierite porphyroblasts. Cordierite porphyroblasts (3-5 mm) 
are rotated and/or boudinaged, indicating a top-to-the-east-southeast displacement 
consistent with that along the reverse faults (Fig. 3.8 A). These zones are planar 
and parallel to the Phantom Thrust and they obliterate the older foliations. Lo-
cally, a crenulated cleavage of the superimposed folds is still visible. QV1 veins are 
preserved as discrete solution-modified boudins enveloped by the sheared schist, and 
may be coated by pyrite in the pinch regions. However, some QV1 veins display 
only incipient boudinage (Fig. 3.8 A). 
Normal kink-faults (Fig. 3.9 A) are restricted to the eastern limb of the Howley 
Anticline, where they assume the role of the reverse faults in the western limb. 
They kink the beds over a width of 1-3 m and up to 7 m in the biotite schists. In 
nodular hornfels they nowhere exceed 2 min width and the kink-fault margins are 
brecciated. The kink faults are continuous over hundreds of meters despite having 
only small displacements ($5 m). One reverse fault terminates in the hinge zone of 
the Howley Anticline against the origin of a kink fault that dips to the east-northeast 
and has a normal displacement of 1 m. This relation, the similar structural timing, 
and the orientation indicate that the kink- normal faults formed during the east-
west compression indicated by the reverse faults. Reverse faults and normal kink 
faults mark a change in the direction of compression from north-northwest j south-
southeast to east-west relative to the superposed folds, and are the local expression 
of the period of regional east-directed thrusting (Chapter 1). 
3.3.5 E-W Shears and Related Structures 
The development of E-W trending shears and related structures overlaps with the 
activity of the Hayes Creek fault system that also transects the Middle Proterozoic 
Tolmer Group sediments. West-northwest- and east-trending strike-slip or oblique-
reverse-slip faults cut and/or displace the largely meridional reverse or kink faults. 
The most prominent of them is the Main Pit Shear which is a sub-vertical zone 
which mainly follows the carbonaceous slates of the eastern limb of the Howley 
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Anticline and cuts through to the western limb in the northwestern section of the 
Main Pit (Fig. 3.4). Topographic features around Cosmo Howley and aeromagnetic 
data suggest that this shear zone continues for 10 km and has a dextral displacement 
of about 300 m. In the pit it is up to 50 m wide and characterized by a complex, 
anastomosing array of fault-breccia bands, sheath and layer-detachment folds, shear 
fabrics, recrystallized cataclasite bands, splay faults, veins and abundant tension 
gashes filled with sulphides (Table 3.2). 
SEMIDUCTILE SHEARS 
anastomising shear-fabric, biotite foliation, sty-
lolites, spessartine, amphibole, disseminated 
sulphides 
CARBONATE MYLONITES 
Recrystallized calcite-dolomite bands, biotite 
foliation, anthophyllite, wall-rock inclusions, re-
stricted to dolerite 
SHEATH FoLDs 
Concentric flexural-slip folds in the carbona-
ceous slates, 15-50 em wavelength 
FAULT-PROPAGATION FoLDs 
Folded single or multiple layers adjacent to 
straight layers (Fig. 3.11 B) 
SPLAY FAULTS 
Subvertical, strike-slip or oblique-reverse dis-
placement (SW up); ramifying, cutting sheath 
folds 
STRIKE- AND OBLIQUE-NORMAL SLIP FAULTS 
SULPHIDE STRINGERS 
lenses of pyrite-arsenopyrite in the pits, 
loellingite-pyrrhotite in drillcore, subvertical, 
marginally brecciated (e.g., Fig. 3.11 A) 
DILATANT JOGS 
(a) em-sized, lozenge-shaped, filled with sul-
phides, quartz and/or carbonate. (b) m-sized, 
collapsed, triangular and breccia-filled 
QUARTZ VEINS (QV2) 
sub-vertical massive veins and tensions gashes 
(e.g., Figs. 3.10 A, 3.12 A) 
FAULT-BRECCIA BANDS 
Anastomosing and composed of em-sized angu-
lar clasts of sheath-folded graphitic slates, sul-
phide stringers, qtz veins, and other rocks 
QUARTZ VEINS (QV3) 
(Figs. 3.12 A, B) 
Continuous (3-300 m), subparallel or oblique to Main Pit Shear, 0-40 m throw, 0.3-6 m heave, 
subvertical, partly across Main Pit Shear 
Table 3.2: Structures associated with the Main Pit Shear event at Cosmo Howley. 
Semiductile shears. Meter-wide zones of high shear strain occur parallel and adja-
cent to the Main Pit Shear faults. These are more abundant in the metapelitic rocks 
or near the more competent dolerite. In the nodular metasiltstone next to the Main 
Pit Shear the metapelites have ( 1) a pronounced biotite foliation, (2) boudinaged 
and rotated first generation garnets with incipiently recrystallized quartz-fringe 
structures, and (3) interspersed pyrite, arsenopyrite and Main Pit Shear-generation 
spessartine-garnet. Euhedral replacement pyrite, arsenopyrite and first generation 
garnet occur mainly along shear bands, as millimeter-thick cataclastic laminae. Frac-
tured pyrite and arsenopyrite porphyroblasts exhibit asymmetric fringe structures 
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with quartz, green biotite and minor tourmaline. This asymmetry indicates ro-
tation. Larger fringe structures (~150 11m) contain crack-seal laminae defined by 
detached sulphide, green biotite or chlorite. The fringe structures and the geometry 
of shear bands in relation to the biotite foliation as well as the offset of markers, 
define a dextral displacement along the Main Pit Shear. Gold-QV1 veins are present 
as solution-modified boudins in the semi ductile shears ( cf., Chapter 4). 
Recrystallized carbonate bands. Discrete, 1-40 em wide bands of recrystal-
lized dolomite fill shears in the dolerite, in which biotite defines a foliation oblique 
to the fault margins and offset along the shear bands. Internally, the shear-bands 
anastomose. The bands are crossed at shallow angles by stylolites filled with chlori-
tized biotite. Altered slabs of dolerite detached from the fault margins are incorpo-
rated in the carbonate and are progressively boudinaged or fragmented approaching 
the fault center. In the south wall of the Phantom Pit centimeter-thick, altered 
dolerite laminae are detached from the fault margin and folded. The recrystal-
lized carbonate bands form conjugate systems which are typically subvertical with 
a spacing > 1.5 m. These are abundant in the dolerite hinge zone exposed between 
the two pits. Displacement, as indicated by the fabrics of the bands, was largely 
strike-slip or oblique-reverse and is consistent with a hypothetical west-southwest j 
east-northeast-directed maximum compressive stress (Fig. 3.17) consistent with the 
proposed dextral nature of the strike-slip fault syste!ll· 
Sheath and fault propagation folds. Sheath folds (Table 3.2) are restricted to 
carbonaceous slates in the high-strain zones in the periphery of the Main Pit Shear. 
Their wavelength and amplitude are typically 15-35 em. The folded multilayers 
have a thickness of 12-120 em. Hinge-line closure may occur in the range of 20 
em to 1.2 m. Layers are flexed plastically but may also be irregularly fractured, 
boudinaged or kinked. The folds contrast with dilational zones filled with sulphide. 
In drill core samples ( 4 70 m depth) the sheath folds have an associated foliation 
defined by sulphide. 
Less deformed outer areas of the Main Pit Shear (Fig. 3.4) are characterized 
by isoclinal, commonly refolded folds. Pyrite-filled tension gashes in fold hinges 
are common (Fig. 3.10 B). Generally, sulphidic tension gashes are vuggy (0.2-3 em 
cavities). 
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Figure 3.17: Lower-hemisphere projection of recrystallized carbonate bands in the closure 
of the second dolerite sill exposed in the Main Pit. Only continuous (2::10 m) and thicker 
carbonate bands were measured. S* lies on the vertical axis of Figure 3.4, and corresponds 
to "north-south" on the mine grid. "Angelier analysis" indicates west-southwest to east-
northeast compressive stress relative to true north. The three dashed great circles give the 
orientation of earlier reverse faults. The inferred "stress field" (1 > 2 > 3) is consistent 
with transpressional dextral deformation on the Main Pit Shear. 
Vugs are also present in the hinges of fault-propagation drag folds, which are 
abundant at the northern margin of the Main Pit Shear (Figs. 3.4, 3.10 B). The 
fault-propagation folds have wavelengths of 2-15 m and some of their axes are rotated 
in the strike of the Main Pit Shear (Fig. 3.11 B). Progressive folding has generally 
obliterated the structure of these fault-propagation faults and, as most of the sheath 
folds are confined to a few of the centimeter-wide carbonaceous layers, they probably 
developed from the fault-propagation folds. The widespread layer-detachment is also 
common in isoclinal folds that contain layer-restricted parasitic folds and pyritic 
saddle reefs; these accommodate differences in layer-specific shortening (Fig. 3.10 
B). 
STRUCTURE AT COSMO HOWLEY 115 
Splay faults. Arcuate faults, branching vertically or laterally, are a typical fea-
ture that is often juxtaposed on the sheath-folded high-strain zones of the Main 
Pit Shear and its periphery (~100 m). Splay faults and fault-propagation folds are 
mutually overprinted. Splay-fault planes may be bent, having circumferential slick-
ensides and grooves inconsistent with their original displacement. Where the splay 
faults intersect QV1 veins, the latter may be brecciated, and infilled by carbonate. 
In the vein quartz, fault-parallel shear bands rich in fluid inclusions are developed. 
Splays in nodular metasiltstone branch and enclose wedges that are extruded from 
within the splay into the overlying carbonaceous slate (e.g., in the west-wall of the 
Main Pit). By contrast to reverse faults that have a west-northwest dip polarity and 
indicate east-west shortening, the splay faults indicate northwest-southeast trans-
pression which is consistent with the dextral displacement along the Main Pit Shear. 
Sulphide infills and lenses. Subvertical disk-shaped sulphide lenses parallel to 
the Main Pit Shear are contained in the sheath-folded carbonaceous slate or nodular 
laminated hornfels (Fig. 3.11 A). Individual lenses are up to 80 em thick, up to 3 
min vertical extent and up to 5-10 m horizontally. The lenses pinch out gradually 
and contain small amounts of gold (~1.5 ppm). 
Dilatant jogs. Abundant dilatant jogs are developed in the carbonaceous slates of 
the east limb of the Howley Anticline. They are lozenge-shaped, range from 1-15 
em across, and are filled by pyrite, quartz and/or calcite. The dilatant jogs indicate 
reverse displacement (southwest up) along bedding planes and differ from larger jogs 
in the nodular laminated metasiltstone in the southwest of the Main Pit, which are 
triangular in shape. The margins of the larger jogs are commonly obliterated by 
collapse of the wallrock to form breccias cemented by quartz, pyrite, arsenopyrite, 
and/or calcite. Those beds within the jogs which remained coherent are separated 
by quartz veins. 
Subvertical quartz veins(QV2) occur within and in the periphery of the Main 
Pit Shear and have constant thicknesses of up to 40 em (Table 3.1). They con-
tain variable but sub-economic amounts of gold and are oblique to bedding and 
strike consistently north-northwest or northeast, highlighting their late formation 
(Figs. 3.10 A, 3.12 A). They form sheets along or within the Main Pit Shear or in 
associated strike-slip faults that truncate sheath-folded carbonaceous slate or super-
posed folds (Fig. 3.10 A). Displacement parallel to the QV2 veins offsets QV1 veins 
by up to 3 m. In contrast, the QV2 veins are cut by the 20-40 em wide, altered 
felsic dikes in the east of the Main Pit that were intruded subparallel to the Main 
Pit Shear but were boudinaged locally during its movement. 
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Anastomosing faults. The most prominent displacement in the Main Pit Shear 
was along discrete and semi-continuous (~30 m) faults with a width of 0.5-12 m. 
These cut and obliterate earlier structures, and anastomose vertically. They consist 
of 1-25 em sized angular fragments of host rock, mainly carbonaceous slate, embed-
ded in altered gouge, sulphides, chloritized biotite, minor quartz, and carbonate. 
The rock fragments comprise disintegrated sheath folds, sulphide stringers, boudi-
naged quartz veins, and dolerite with recrystallized carbonate bands. The faults are 
sharply bounded. Mildly deformed lenses of the more competent rocks cut by the 
faults (e.g., dolerite, nodular hornfels and QV1 veins) may be embedded in them 
and were dragged along during deformation. 
A variety of the anastomosing faults are subvertical strike and oblique-normal 
faults (10 cm-15 m wide), forming two continuous sets enclosing fault blocks of 
40-150 m width and 60-500 m length. Dip may change along strike or down dip 
and a fault spacing of 20-50 m is common throughout the deposit (Fig. 3.4). Strike-
and oblique-normal-slip faults mutually overprint each other and displacements are 
in the range 0.3-30 m. Like the anastomosing faults, they appear as discrete narrow 
zones of brecciated and chloritized wallrock but also as discordant centimeter-wide 
and partly sinusoidal slip planes. In their vicinity a spaced trapezoidal or parallel 
cleavage is developed. Minor tributary faults branch from the main sets and in,dicate 
the displacement direction. Slickensides along the fault planes and on tributary 
faults record oblique-normal or strike-slip last-displacement increments. Slickensides 
are also present at the margins of reactivated recrystallized carbonate bands in the 
dolerite. There, the shear fabric defines a different displacement direction than the 
later slickenside. In most cases this difference indicates a change from reverse to 
strike-slip or oblique-normal movement. 
Tension gashes and veins with tourmaline, K-spar and muscovite (QV3, 
Table 3.1). Subhorizontal tension gashes dipping gently to the east are common 
in the 30 em to 2 m wide, altered felsic dikes that intruded the Main Pit Shear 
and cut some of the QV2 veins (Figs. 3.12 A, B). They are also abundant in the 
carbonaceous metasiltstone in the southeast of the Phantom Pit (Fig. 3.4) where 
they are up to 50 em thick and 8 m long. Thes vertical arrays follow shear-parallel 
quartz veins (QV2) which are truncated by individual tension gashes (Fig. 3.12 A). 
Although somewhat younger, the tension gashes have been partly deformed during 
shearing. They consist of milky-white quartz, black tourmaline, both orthoclase and 
celsian, and muscovite. The tourmaline occurs as bands of fibers normal to the vein 
margins. The fibers indicate crack-seal vein growth, because individual tourmaline 
needles are fragmented and separated by quartz. Muscovite flakes up to 2 em occupy 
the vein/tension-gash margins and are orientated parallel to the cleavage. 
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Quartz-carbonate-chlorite veins (QV4). Rare centimeter-wide, crack-seal veins 
(QV4) cut the rocks that were subjected to Main Pit Shear deformation(Table 3.1). 
They are discordant to shear-related deformation structures and consist mainly of 
prismatic quartz crystals subnormal to the vein walls, interspaced with chlorite, 
and carbonate (Fig. 3.9 B) and/or wallrock fragments maintaining the shape of 
the crack walls, indicating incremental vein growth by peripheral accretion (Hulin, 
1929), i.e., antitaxial vein growth (Cox, 1987). In the QV4 veins the crack-seal 
textures are better preserved than in the QV1 gold veins. Growth zones filled with 
calcite occasionally contain vugs with marginal pyrite and cores of chlorite. In 
contrast to the vein quartz, the carbonate is recrystallized (Fig. 3.9 B). More than 
15 crack-seal cycles in veins < 3 mm thick have been recognized (e.g., Fig. 3.9 B). 
The quartz-carbonate-chlorite veins are preserved in a range of states from deformed 
to pristine. Some of the veins are flexed, and epitaxial overgrowth of pyrite from the 
wallrock is common. Pyrite selectively replaces only the quartz, and not the calcite 
or chlorite. 
The mineral assemblage of the QV 4 veins and the absence of recrystallization 
confirms that the veins formed later and at a lower temperature than the recrystal-
lized tension gashes and veins (QV3). 
3.3.6 Normal Faults 
The Main Pit Shear is post-dated by regionally important and largely northeast-
trending normal faults. They are widely spaced (2::150 m) and cut all other de-
formation structures, displacing them by up to < 25 m. Furthermore, the normal 
faults host subvertical vuggy tension gashes or milky quartz-hematite-carbonate 
veins (QV5) locally containing galena and sphalerite (Table 3.1, Figs. 3.13 A, B). In 
the dolerite in the southeast of the Main Pit the QV5 episode is marked by vuggy 
fault breccias cemented by ankerite, specular hematite, quartz, and columnar cal-
cite. Fault thicknesses vary down dip and reach 5 m in the vicinity of dip changes, 
where tectonic erosion breccias and/or rollover antiforms are common and typically, 
tributary faults are developed. These dip at 20-35° and 60-75° away from the main 
fault in the direction of movement of the opposite block. The high-strain zones 
of the Main Pit Shear and meter-wide QV1 veins are commonly cut by straight 
fractures with a spacing of 0. 7-3 em. The fractures are vertical and strike north-
east. In earlier vein quartz, they are vuggy and/or sealed by quartz and calcite. 
Because they have the same mineral assemblage as the QV5 veins, they indicate a 
final northeast-southwest extension that is kinematically consistent with the normal 
faults. 
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3.4 Hydrothermal Paragenetic Assemblages, Vein 
Mineralogy, and Alteration 
This section describes the paragenetic assemblages which characterize the successive 
stages of vein formation (Fig. 3.3) and accompanying alteration. The characteristics 
are described in the order of their formation and provide the basis of an interpre-
tation of the physico-chemical conditions of gold deposition which is the subject of 
Chapter 5. 
QVO- The regional metamorphic quartz veins (QVO) consist entirely of recrystal-
lized quartz (Fig. 3.3) lacking both gold and sulphides. 
QVl - The QVl veins contain crack-seal bands of biotite (Fig. 3.6 A), altered 
cordierite, K-feldspar, and arsenopyrite with pyrrhotite and chalcopyrite inclusions 
(Fig. 3.5 B). Minor pyrite is secondary because it replaces arsenopyrite and pyrrhotite 
and has not been fractured by the crack-seal mechanism. Arsenopyrite and pyrrhotite 
is most abundant where the QV1 veins cut the quartz-nodular hornfels. In this 
host rock, or the now chloritized biotite slate, the vein quartz contains native 
gold as particles <1 mm which occur either randomly in the quartz or along K-
spar+biotite+cordierite laminae of incorporated and altered wallrock (Fig. 3.5 B). 
Some gold particles are found within recrystallized arsenopyrite or along vein-growth-
induced cracks in the arsenopyrite or K-feldspar. Euhedral arsenopyrite is dissemi-
nated in the first few centimeters of wallrock next to the veins (Fig. 3.5 A, B). 
The alteration next to QV1 veins varies with host rock composition (Table 3.1): 
Dolerite is replaced by sericite, biotite, pink K-feldspar and pyrite, whereas carbona-
ceous slate and the biotite schist show an enhanced cordierite and biotite content. 
Cordierite occasionally occupies the entire vein selvage and is also present in the vein 
in the form of fragments along crack-seal bands. Remote from the veins, cordierite 
is rare and andalusite occurs more often. In the nodular hornfels macroscopic alter-
ation, characterised by the assemblage of abundant K-feldspar+cordierite+biotite 
(Figs. 3.6 B, 3. 7 A, B) and occasional muscovite, is typically restricted to a selvage 
about one-fifth or one-tenth of the vein width. In the carbonaceous slates the QVl 
veins contain tourmaline ( dravite) and biotite which are abundant also in the adja-
cent few millimeters of wallrock. 
Similar to the observations made at the Enterprise gold mine and other deposits 
in the central Pine Creek Inlier (Chapters 1, 2), the presence of-, and the mechanical 
fragmentation and incorporation of the alteration assemblage into the QV1 veins 
by the crack-seal mechanism indicates that the veins formed at high temperatures 
between 500-620° C ( cf., Chapter 1). Such a high formation temperature is consistent 
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also with the pyrrhotite - arsenopyrite paragenesis which is stable only above 490° 
(Kretschmar and Scott, 1976; Sharp et al., 1985). Arsenopyrite geothermometry is 
discussed in Chapter 5. 
Main Pit Shear- The alteration that accompanied and followed the Main Pit 
Shear event heavily overprints the alteration assemblages of the QV1 veins (fig. 3.5 
B). Amphibole and biotite locally replace cordierite and portions of first-generation 
garnet and are widespread in the sheared rocks, especially next to QV2 veins or as 
replacements of the cordierite-rich margins of sheared QV1 veins. The actinolite 
and grunerite-cummingtonite that replaces cordierite-rich vein selvages is stellate 
(e.g., Fig. 3.9 B) and occasionally contains native gold inclusions (:::;15 mm). It 
is intergrown by arsenopyrite and loellingite which has only been found in sheared 
sulphide from drillcore. In association with the Main Pit Shear, e.g. the QV2 veins, 
it is dominantly actinolite. Minor cummingtonite and anthophyllite were analyzed 
as well. Stellate cummingtonite (Al203 < 0.5 wt %) is sometimes associated with 
actinolite. Altered dolerite contains hastingsite and anthophyllite. Both the second 
generation Mn-garnet and the biotite in the shear zones are distinct by their man-
ganese content which is discussed further in chapter 5. 
QV2 - The QV2 veins consist of coarsely crystalline, partly recrystallized quartz. 
The veins consist partly of calcite and dolomite where they" intersect the dolerite 
and contain small amounts of pyrite, chalcopyrite, arsenopyrite. Loellingite and 
pyrrhotite occur in some of the arsenopyrite cores in adjacent nodular hornfels in 
deep drillcore (2:350 m subsurface). The QV2 veins have an alteration halo of 
stellate actinolite, grunerite -cummingtonite depending on host rock composition. 
Disseminated or laminar arsenopyrite, pyrrhotite and/or pyrite are characteristic 
for the vein selvages (cf., Fig. 4.8, Chapter 4), and pyrite becomes the dominant 
sulphides in the dolerite host. 
QV3 - The QV3 veins and tension gashes are associated with an intense alter-
ation of the wallrock and contain black euhedra.l tourmaline crystals up to 7 em 
long (Fig. 3.12 A, B). The QV3-tourmaline differs in its high Fe-content, low Mg, 
Al-content and alkali deficiency. from the tourmaline in the QV1 veins in the car-
bonaceous slate. Its presence and composition are independent of the host rock. The 
vein quartz is partly recrystallized, milky white, and contains fluid inclusions with 
large halite daughter crystals. Large (:::;1.5 em) partly sericitized orthoclase is most 
abundant in the selvages of the veins, where it is intergrown with smaller euhedral 
and unaltered grains of Ba-rich orthoclase (:::;18% Ba), finely crystalline sericite, eu-
hedral apatite (:::;500 pm), skeletal rutile, pyrite, zircon, and trace amounts of mon-
azite and xenotime. This alteration replaces the host rock almost entirely. Fibrous 
tourmaline also appears as millimeter-sized crystals, orientated perpendicular to the 
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vein margin or randomly in the sericitised first centimeters of wallrock next to the 
veins. Coarsely-crystalline muscovite is most abundant at the vein/slate interface. 
Commonly a sulphide paragenesis of pyrite+pyrrhotite+chalcopyrite±arsenopyrite 
occurs in the vein selvages. 
The QV3 veins are the most prominently altered of all the Cosmo vein sets 
(Fig. 3.12 A, B). Chemical changes have been calculated using the method of Grant 
(1986) and are shown in Figure 3.18. The alteration can be categorized as greiseniza-
tion induced by fluids that introduced B, P, Ba, Zr, and Sn. By contrast with an 
Mn-enrichment in the Main Pit Shear zones, Mn has been removed from the QV3-
vein selvages. The zircon enrichment reflects hydrothermal zircons in greenish-yellow 
parts of the alteration halo. Interestingly, texturally late up to 500 J.Lm size rutile 
crystals are not reflected in an attenuated Ti-content in this inner alteration zone. 
This rutile was analysed by Binns et al. (1990, CSIRO unpubl. comp. rep.) who 
found that it is anomalously enriched in trace elements including Cu, Zn, Ta and W 
by comparison with the average composition of rutile from west-Australian placer 
deposits. These enriched elements are characteristically concentrated in the final 
stages of crystallization of granitic intrusives which is consistent with a formation 
of QV3 veins from magmatic fluids. 
QV 4- The QV 4 veins formed during the chloritization that followed the late stage 
of Main Pit Shearing. The chlorite in them is similar to the pale variety that replaces 
garnet, amphibole, and biotite. It formed together with septechlorite. Chlorite I and 
septechlorite are texturally distinct from dark-green chlorite II paralleling supergene 
hematitization postdating the formation of QV5 veins. 
QV5 - The normal fault-hosted QV5 veins consist of quartz, calcite, siderite, 
galena and Fe-poor sphalerite as indicated by its yellow colour (Figs. 3.13 A, B). 
Sphalerite and galena infills cavities in the vein. The sphalerite shows oscillatory 
growth banding in Fe-content. The veins are not recrystallized. In vugs, chlorite 
and columnar calcite form an assemblage with quartz and rare barite. 
Because the dolerite contained little primary potassium, its partial replacement by 
biotite, K-spar, and sericite is indicative for wholesale potassium addition during 
the contact metamorphism. Because calcite and dolomite within shear bands are 
restricted to where these occur in the dolerite, it appears that the Ca. and Mg was 
derived directly from the dolerite and reacted with a C02-bea.ring fluid to form 
carbonate. Carbonate in the dolerite is especially common at contacts to carbona-
ceous slate which is bleached in those locations. The bleaching seems to indicate 
dissolution of carbon. Hence it is likely that the C02 in the carbonated dolerite 
stems from the pyrolysis of the juxtaposed metasediment. This is consistent with 
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the paucity of carbonates in the dolerite where it intruded non-carbonaceous parts 
of the mine-stratigraphy. 
A strong Ca, Mg-depletion of the dolerite coupled with K-addition has been 
described from Bridge Creek, farther north on the Howley Anticline (Sanger von 
Oepen et al., 1986). 
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Figure 3.18: Chemical gain and loss diagram for alteration halos of QV3 veins. The 
upper diagrams show the chemical changes associated with greenish-yellow alteration of 
the first few em of slate adjacent to the vein ("inner vein selvage", Sample 93145, Appendix 
B) relative to slate at 70 em distance to the vein/slate interface (Sample 93146). The 
lower diagrams contain the chemical changes immediately adjacent to the greenish-yellow 
alteration envelope (outer vein selvage). Conservation of mass or volume is evident from 
the slope (=1) of the line through Ti02 and Al203 in both samples. Note theCa, P205, 
As, Ba, B, Zr, and Sn enrichment, especially in the greenish-yellow part of the alteration 
halo and the sodium enrichment at slightly greater distance from the vein (2-6 em, lower 
diagram). The Zr-enrichment (200 vs. 1,000 ppm) in the inner vein-selvage indicates the 
presence of hydrothermal zircon and was noted in many samples. 
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3.5 Composition of Gold and Associated Sulphides 
Gold and associated sulphides are distinct in their composition with respect to the 
timing of their precipitation. Gold, distinguished by fineness and silver content, 
occurs in the following modes: 
Mode Au Ag Fe Hg Total 
2 90.3 9.5 0.2 < 99.0 
2 89.2 10.4 0.4 < 103.3 
2 89.7 10.2 0.1 < 100.8 
2 89.6 10.4 < < 99.7 
2 89.5 9.6 0.8 < 104.1 
2 90.0 8.9 1.1 < 101.0 
4 86.0 13.5 0.5 < 102.9 
4 86.1 13.2 0.7 < 103.5 
4 83.2 16.7 0.1 < 101.8 
4 81.3 18.6 0.1 < 101.0 
4 78.9 20.9 0.2 < 101.8 
5 84.1 15.6 0.3 < 103.2 
6 74.3 22.3 0.6 2.8 106.0 
6 80.0 19.9 0.1 < 100.0 
6 80.6 19.4 < < 103.2 
7 97.4 2.6 < < 100.0 
Table 3.3: Trace element chemistry of gold from Cosmo Howley. The listed values rep-
resent wt.% . "Mode" refers to the mode of occurrence described in the text. Proton 
microprobe analysis by D. French, CSIRO-North Ryde, uncertainty 1 sigma; MDL 99% 
confidence. 
1. Native gold in QVl veins 
2. Native gold between loellingite and arsenopyrite, in the periphery of QVl veins 
altered by the Main Pit Shear, in drillcore samples from > 350 m depth 
3. Native gold in stellate amphibole replacing a pseudo-hexagonal phase ( cordierite) 
in the selvages of QVl veins or in stellate amphibole next to QV2 veins 
4. Native gold in fractures in arsenopyrite in QVl veins 
5. Native gold in pyrite or arsenopyrite associated with the Main Pit Shear 
6. Remobilized gold precipitated from supergene solutions (Au 97.4 %) 
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Gold associated with the QV1 veins typically contains 89 to 90 %Au (Table 3.3). 
Thus it is distinct from the small amount of silver-rich gold that was precipitated 
in the sulphide lenses or in amphibole in the wallrock of QV2 veins during Main Pit 
Shear activity. This latter gold has an Au-content of 79 to 86 % and occasionally 
contains mercury (:::;2.8 %). Gold in fractures in arsenopyrite is more silver-rich (74 
%Au). 
Type Fe Ni Cu Zn As Se Mo Ag Sb Au Ph 
(1) 46.5 149. 11.2 < 13.0 10.6 5.66 5.01 48.5 < 236. 
( 1) 46.5 45.8 47.7 9.39 351. 4.87 < 6.26 9.19 < 53.4 
(1) 46.5 < 9.85 3.05 11.1 34.6 0.457 4.17 8.66 < 23.2 
(1) 46.5 232. 10.2 < 34.8 38.1 4.86 4.15 23.5 < 51.8 
(1) 46.5 39.6 51.9 2.85 223. 7.90 2.25 < < < 108.2 
(1) 46.5 < 8.89 2.31 < 30.8 < 3.76 14.1 < 18.0 
(2) 46.5 0.119 143. < 0.179 13.0 1.62 6.60 32.1 < 218.4 
(2) 46.5 0.174 361. 41.5 457. 20.7 1.12 10.5 19.0 < 55. 
(2) 46.5 167. 0.407 0.439 27.2 20.8 < 13.9 < < 82.3 
(2) 46.5 0.183 0.283 6.33 3.02 18.3 3.40 13.5 24.2 < 67.1 
(2) 46.5 0.182 0.268 12.8 3.68 17.9 < 3.57 < < 53.1 
(3) 46.5 122. 12.4 6.59 < 72.0 1.41 4.61 < < 16.8 
(4) 46.5 935. 19.2 < 0.764 105. < 5.15 < < 15.6 
(4) 46.5 0.193 11.4 1.07 < 109. 1.55 2.75 9.94 < 46.4 
(5) 46.5 201. 15.3 < 121. 53.8 3.17 2.87 15.0 < 23.7 
(5) 46.5 49.6 31.7 0.159 295. 45.2 2.94 3.31' 30.4 < 63.0 
WE 2.15 5.51 1.73 1.06 0.758 0.518 0.322 0.445 1.25 < 1.20 
MDL 72.8 13.9 5.94 3.48 1.54 1.36 1.02 1.32 2.69 4.32 3.41 
Table 3.4: Trace element chemistry of pyrites. The concentration of Fe is given in wt.%. 
All other elements are listed in ppm, unless the decimal point is preceded by a zero (e.g., 
0.193). "Type" refers to the mode of occurrence of the analysed pyrite: (1) Replacement 
in association with the Main Pit Shear; (2) infills in zones of dilatancy created by the 
shearing; (3) pyrite from within the QV2; ( 4) infills in dilatant zones specifically in the 
carbonaceous slate; (5) secondary pyrite in QV1 veins. WE = weighted error in %. MDL 
= average MDL (99% confidence limit), uncertainty 1 sigma. Proton microprobe analysis 
by D. French, CSIRO-North Ryde. 
The two generations of arsenopyrite, arsenopyrite I in the QV1 veins and ar-
senopyrite II in the QV2 and sulphide lenses of the Main Pit Shear are composition-
ally and morphologically distinct as described below. 
Recrystallized bands of anhedral arsenopyrite I with largely resorbed inclusions 
of pyrrhotite occur along the crack-seal laminae of the QV1 veins. In thick QV1 
veins (~20 em width), centimeter-wide aggregates of partly recrystallized arsenopy-
rite can also be found. In 19 analysed samples of arsenopyrite aggregates, the proton 
microprobe detection limit for gold in arsenopyrite (20 ppm) was exceeded only once 
(Tables 5.4, 5.5, Chapter 5). Rock-chip samples of arsenopyrite I and II (Chapter 
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4) varied from 0.67-115.9 ppm Au and 0.1-3.5 ppm Au respectively, reflecting in-
corporated native gold (5-750 {lm). 
The composition of the arsenopyrite varies, and euhedral replacement crystals are 
oscillatorily zoned. Arsenopyrite I, which is commonly recrystallized, has, in some 
cases, a higher As-content (34-35 mol%) than arsenopyrite II (30-33 mol%). The 
compositional scatter, however, even within a single vein, is large, which is ascribed 
to alteration. Proton microprobe analysis shows that antimony and tellurium have 
a wide range of concentrations, from 70-276 ppm and :S5. 7-317 ppm, respeCtively. 
Sb and Ni are highest where arsenopyrite II replaces loellingite. 
Two generations of pyrrhotite are present at Cosmo Howley: Pyrrhotite I in 
the QV1 veins and pyrrhotite II in the Main Pit Shear-sulphides. Some pyrrhotite 
I (QV1) contains gold (:S13 ppm) the detection limit of the proton microprobe. 
The Ni content of both pyrrhotite generations is consistently low (:S400 ppm), and 
trace-element concentrations did not vary systematically with mode of occurrence. 
Pyrrhotite I is largely replaced by anhedral, locally poikiloblastic arsenopyrite. In 
a few occurrences it overgrows ilmenite, partly resorbing it. Minor euhedral chal-
copyrite (5-700 {lm) replaces pyrrhotite I or occurs within biotite of the Main Pit 
Shear zone. Pyrrhotite II (Main Pit Shear) may overgrow sheared pyrite, which it 
replaces at depth (in drillcore at 2::350 m subsurface). It contains less than 3 ppm 
Au as determined by the proton microprobe. 
As noted before, loellingite has only been found in sheared sulphide from drill-
core. It always occurs as cores within arsenopyrite where it is present in the vicinity 
of gold-bearing QV1 veins. Proton microprobe analysis indicated Au-rich loellingite 
(20-230 ppm Au) which may explain the presence of native gold at the loellin-
gitejarsenopyrite interfaces1 . This could imply that gold was co-precipitated with 
loellingite. The loellingite has a high Ni-content (0.4-0.65 wt.% ), contains 0.4 wt.% 
Cu, 33-104 ppm silver, and 167-184 ppm Sb. The observation of arsenopyrite-pyrite 
in the pits and arsenopyrite+loellingite+pyrrhotite in drillcore indicates a vertical 
zoning of mineralization in the Main Pit Shear. 
Where sulphide lenses occur in carbonaceous slate in the Main Pit Shear, pyrite 
and pyrrhotite II are more abundant than arsenopyrite II. By contrast, the propor-
tion of arsenopyrite II exceeds that of pyrite or pyrrhotite II in the nodular hornfels. 
1The replacement arsenopyrite was unable to incorporate the gold in solid solution as shown 
by proton probe analysis. 
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The pyrrhotite in the open pit has largely been replaced by pyrite. In deep 
drillcore (2:350 m subsurface) however, only pyrrhotite is present, together with 
minor chalcopyrite. Therefore, the replacement pyrite which has not undergone 
deformation may be related to supergene alteration. In contact with green botryoidal 
chlorite, pyrite is euhedral and marcasite sometimes present. In vugs in the sulphide 
lenses, skeletal pyrite overgrows pyrrhotite, and arsenopyrite. Gold was absent from 
all analysed pyrites (proton probe detection limit = 5 ppm, Table 3.4). 
Secondary pyrite replacing primary pyrrhotite and arsenopyrite in QVl vems 
contains less than 240 ppm Ni, in contrast to Ni-enriched lensoidal pyrite of the 
Main Pit Shear (0.09-0.18 wt% Ni). The former contains more As (220-703 ppm) 
than the lensoidal pyrite (~35 ppm); the latter content may exceed 100 ppm where 
lensoidal pyrite is present in the carbonaceous slates, by contrast to less than 100 
ppm in other lithologies. Silver and Cu reach higher concentrations in lensoidal 
pyrite than in the secondary pyrite of the QV1 veins. 
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3.6 Conclusions 
The previous sections aimed at a comprehensive description of the structure, al-
teration, and gold/sulphide assemblages at Cosmo Howley. In summary, the key 
observations are: 
• The gold mineralization formed via the precipitation of bedding-concordant crack-
seal quartz veins predominantly in the absence of deformation leading to a significant 
distortion the host structure. For this time span, near-isostatic stresses are indicated 
by random growth of contact metamorphic minerals. 
• Arsenopyrite, pyrrhotite, K-feldspar, biotite, and cordierite are associated with the 
gold-bearing quartz veins and formed contemporaneous with vein growth by the 
crack-seal mechanism. This alteration assemblage indicates QVl vein introduction 
in the pre-existing Howley Anticline near the peak of contact metamorphism. 
• Gold was precipitated mainly in native form along crack-seal bands in the veins or 
in crack-seal fractures in arsenopyrite and pyrrhotite. 
• Gold deposition was accompanied by wholesale potassium addition, especially promi-
nent at the margins of deformed dolerite sills or where these are intersected by gold 
generation quartz veins. 
• The gold-bearing quartz veins are more abundant in quartz nodular hornfels beds 
than in chloritized biotitic slate. 
• Quartz volumes equivalent or larger than the volume of gold-bearing veins were 
precipitated during two deformation events postdating the mineralization event 
(QV2/QV3, and QV5). In both cases, the location of these veins was controlled 
by newly formed structures indicative also of a change in the geometry of fluid flow. 
• Pronounced carbonate alteration at the margins of dolerite sills which occur within 
carbonaceous slates, by contrast with dolerite elsewhere in the metasediments, seems 
to indicate local C02-derivation via pyrolysis of the slate. This is consistent with 
bleaching of the carbonaceous slate adjacent to the dolerite. 
• Gold mineralization formed during the onset of a series of hydrothermal/ deformation 
events distinct by paragenetic relationships and trace element geochemistry of al-
teration. While these seem to record a continuous evolution from the QVl to QV3 
stage, QV5 veins record a distinctly later tectonic/hydrothermal event. 
As already described in Chapter 1, the fluorine and chlorine contents of QVl 
stage biotites at Cosmo Howley suggest the involvement of a magmatic fluid in ore-
genesis. As the QV3 veins resemble granitic pegmatites and contain fluid inclusions 
of high equivalent salinity they may represent a maximum in magmatic fluid flux 
through the Cosmo Howley deposit. This flushing may have been caused by in-
creased focusing of fluid flow when the Main Pit Shear developed. This structure 
also focused felsic melts which is consistent with the proposed interpretation. 
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Introduction and Summary 
The distribution of gold within the Cosmo Howley deposit is controlled by the rel-
ative abundance of QVl quartz veins which are Au-rich only where they occur in 
the hornfels or biotitic slate directly adjacent to carbonaceous slate units (predomi-
nantly :=:;50 m to the contact with carbonaceous slate). QVl veins are barren within 
the carbonaceous slate and the dolerite sill which introduced the carbonaceous slate 
is barren as well. Locally, this pattern is obscured by the fragmentation of QVl-vein 
bearing horizons and their entrainment in the Main Pit Shear zone in which they 
occur as boudins embedded in deformed carbonaceous slate. 
On the exposure-scale, more than 90 % of the mineable gold is located within 
the QVl quartz veins, so that a previously proposed exhalative "syngenetic" origin 
for the Cosmo Howley deposit must be rejected. Typically, the gold grade of the 
QVl veins is about a hundred to a thousand times greater than that of the vein 
selvage. This zone of alteration commonly has a thickness equal to one-tenth of the 
vein width. The vein selvage is still enriched in gold by a factor of ten to a hundred 
compared to the more remote wallrock. There is no correlation between the gold 
grade and the sulphide content of the QVl veins. The gold content varies randomly 
by up to two orders of magnitude along the strike of. the QVl veins and does not 
correlate with specific features of the host metasediment. 
On the thin section scale, native gold is concentrated along individual crack-seal 
bands parallel to the vein margin. Some of these bands are extremely gold-rich 
whilst the majority of bands do not contain any gold. Gold occurs also as blebs in 
arsenopyrite within the veins but the latter are aligned dominantly on crack seal 
fractures through the sulphide so that gold precipitation seems to have been largely 
decoupled from sulphide deposition. 
The relationship between structure, lithology, and the concentration of gold has 
been investigated on three scales, the deposit scale, the scale of the high grade areas 
and individual veins, and the thin section scale. The results will be described in 
three subsections, respectively. 
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4.1 Deposit Scale Distribution of Gold 
Average gold-contents (fire-assay method) of drill chips from 2.5 m hole segments 
recovered by pattern blast-hole drilling at Cosmo Howley, have been used as the 
main tool to constrain the distribution of gold on a deposit scale and to define "ore" 
and "waste" blocks for mining. These data on grade distribution within the mined 
part of the deposit were imaged in three dimensions1 and are presented below. The 
grade distribution in three domains of the Main Pit will be examined and related 
to the geology. 
For an overview, the 1144 Level has been chosen, because it both covers a large 
area and is far enough below the surface to preserve most of the primary features of 
the gold distribution rather than overprinting by supergene processes (Fig. 4.1 ). In 
all of the three-dimensional images the location of the hornfels with carbonaceous 
slate units has been marked, because it will be shown to have a crucial influence on 
the gold grade in the biotitic slate and hornfels units. 
The gold distribution pattern shown in figure 4.1 indicates that most of the 
high grade mineralization (?7 ppm) occurs within 50 meters of the footwall of the 
carbonaceous slate (Fig. 3.2, Chapter 3). Within this region, high-grade domains are 
discontinuous, partly reflecting the disruption imposed by post-QV1 deformation. 
The carbonaceous slate and the dolerite contain gold only at the sub 0.05 ppm level 
close to the detection limit of the employed AAS system. This is in spite of the fact 
that both of these units host QV1 veins which will be described below. 
The gold distribution in the west of the Main Pit (Figs. 4.1, Fig. 4.2 A, B) i.e. 
the west limb of the Howley Anticline ( cf., Fig. 3.4, Chapter 3) is less overprinted by 
deformation in association with the Main Pit Shear than the grade patterns in the 
east limb. Figures 4.2 A, B show that most of the mineralization is again restricted 
to the footwall of the carbonaceous slate. This is best illustrated in Fig. 4.2 B where 
only those rock volumes are shown which contain more than 2 ppm of gold. 
1The imaging was done via the aid of MineScan, a software package based on Spyglass Dicer 
Vs. 3.01. The imaging involved interpolation procedures to obtain the displayed resolution. 
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Figure 4.1: Opposite page: Large-scale gold distribution on the 1144level in the Main Pit 
of the Cosmo Howley Gold deposit. Gold grade information was obtained only on the floor 
of the open cut, so that the grade data indicate the shape of the Main Pit at this stage of 
mining. The highest gold grades occur within 50 meters distance to the carbonaceous slate 
unit within hornfels and biotitic slate beds which contain abundant bedding-concordant 
QV1 veins. A larger of these QVl veins is the "Osborne Lode" (stippled line) in the west 
of the pit. The flexures in this vein as reflected in the semi-continuous zone of high gold 
grade, developed during the superposed folding event (Chapter 3). Subsequently the vein 
was offset along late normal faults. Importantly, the excavation targeted only mineralized 
rock volumes. Thus, the large zone in the center of the image is barren in spite of the 
occurrence of hornfels and biotitic slate beds in addition to a dolerite sill. 
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The semi-continuous high grade zone in the front of the surface plane of the 
block section (Fig. 4.2 A) and in the plan view (Fig. 4.1) can be related to a single, 
bedding-concordant quartz vein (Osborne Lode) which is described further in the 
next section. Another feature of the gold distribution (Fig. 4.2 A) is 4-5 planar zones 
with an increased gold content which coincide with chert-nodular hornfels horizons. 
This lithology-dependent increase in grade has previously been interpreted as being 
due to a primary enrichment in the sediment (Nicholson, 1978; Needham and Roarty, 
1980; Goulevitch, 1980; Dunnet and Kavanagh, 1983; Wilkinson, 1982; Alexander 
et al., 1990). Such a primary enrichment can be discounted because of two reasons. 
Firstly, the sedimentological characteristics of the hornfels are inconsistent with the 
proposed "exhalative origin" (Matthai and Henley, in prep.). Secondly, the small-
scale gold distribution indicates that gold occurs in the enriched horizons only when 
QV1 veins are present. 
An explanation for the increased gold grade in the hornfels beds can be based 
on the more competent and brittle deformation behaviour of the latter which led 
to a higher QV1 vein abundance than in the chloritized biotitic slate (Chapter 3). 
This greater abundance of QV1 may also reflect a higher bulk permeability during 
contact metamorphism and mineralization giving rise to higher fluid fluxes through 
this lithology. 
Fluid-rock interaction with the hornfels, as a control mechanism for gold mineral-
ization, does not explain the observed grade distribution, because there are hornfels 
layers with QV1 veins which occur well outside the mineralized zones. 
A conclusive interpretation of the grade distribution in the north and the north-
east of the Main Pit (Figs. 4.1, 4.2 B) is more difficult because of the intense disrup-
tion and mixing of the lithologic units by the Main Pit Shear ( cf., Fig. 3.16, Chapter 
3). Here the low grade (dark blue) areas on the eastern face of the block section 
(Fig. 4.2 B) indicate both dolerite and carbonaceous slate. 
The gold distribution in the east of the Main Pit (Fig. 4.2) indicates as well that 
most of the economic gold mineralization occurred in the footwall of the carbona-
ceous slates (Fig. 4.3). The patterns of gold distribution are however more complex, 
because of the strong deformational overprint by the Main Pit Shear. The latter 
dismembered the QV1-bearing horizons so that these occur as tectonic lenses in a 
matrix of carbonaceous slate. In the grade image, this is reflected by discontinuous 
high-grade zones interspersed with low grade material. Deformation structures of 
the Main Pit Shear have not been incorporated in the block section (Fig. 4.3). 
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Figure 4.2: Opposite pages: Gold distribution in the west of the Cosmo Howley Main 
Pit. 
A - block section of gold grades in the west of the Main Pit i.e. west limb of the Howley 
Anticline. Color/grade relationship as in the previous figure (Fig. 4.1). The highest gold 
grades occur in association with quartz veins directly below the barren carbonaceous slate 
unit which begins as indicated by the thick black line. Five hornfels beds in the mine 
sequence appear as layers of elevated gold content relative to chloritized biotitic slate be-
tween them. 
B - Three-dimensional view of rock volumes that contain more than 2 ppm gold in the west 
limb of the Howley Anticline which was displayed in (A). Many of the high grade blocks 
coincide with the Osborne Lode (Fig. 4.1). Interestingly, the high grade zones associated 
with the Osborne Lode are very discontinuous both down dip and along strike. 
A next to the carbonaceous slate contact in the west limb 
1046. 
B 
high grade in the W-1 imb close to the carbonaceous slate contact 
- -~--
1144. 
RL 
eastings 
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Figure 4.3: Opposite page: Gold distribution in the east of the Cosmo Howley Main Pit 
i.e. the slightly overturned east limb of the Howley Anticline. Only the discrete normal 
faults (QV5) have been indicated in the block section. 
av 1 high-grade area next to carbonaceous slate contact in the east I imb 
I' 
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Importantly, the pit design itself reflects a selection of high grade areas. Hence, 
the shape of the Main Pit mimics the deformed and dismembered closure of the 
Howley Anticline and the stratigraphic transition from the non-carbonaceous to 
the carbonaceous units. This also applies to the Phantom Pit where high grades 
occurred in the non-carbonaceous units just above the carbonaceous Wildman Silt-
stone (Fig. 3.2, Chapter 3). 
In summary, the highest grades at Cosmo Howley were obtained from the non-
carbonaceous footwall of the carbonaceous slate unit at the top of the mine sequence. 
Economic gold mineralization in this zone occurred only where abundant QVl veins 
were present. In spite of the presence of numerous QVl veins at a distance greater 
than 50 m to the carbonaceous slate, including QVl within quartz nodular hornfels, 
the grades related to the latter are sub-economic to very low. A higher grade in 
the hornfels relative to the biotitic slate can be rationalized by a higher QVl vein 
density in the hornfels. 
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4.2 Small-Scale Distribution of Gold 
The averages of gold grade over 2.5 m intervals of percussion drill chips in grade 
control drilling do not provide detailed information on the small-scale distribution 
of gold. This is reflected in a large scatter in the individual sample grades in "ore 
blocks". This scatter is especially prominent in the high (2:3 ppm) values, and 
redrilling of the ore blocks often yielded low (~0.8 ppm) values only half a meter 
from very high (2:30 ppm) ones, indicating a rather heterogeneous distribution of 
the gold with extremely localized "highs". 
The geologic controls on this distribution have been the subject of a study on 
well exposed pit walls. In this investigation, gold concentrations were analysed in 
166 rock chip samples from 12 washed, mapped, and photographed faces. The ob-
servations are described below for QV1-QV3 veins and in sulphide lenses in different 
lithologies ( cf., Table 4.1, Fig. 3.2, Chapter 3). 
The observations are described in detail because they disprove the previously 
syngenetic origin of the Cosmo Howley deposit and indicate that the distribution 
of gold in not adequately explained by direct fluid/rock interaction with a specific 
lithology. 
The locations of the pit walls and terraces with respect to the mine grid and the 
geometry of the open cut are contained in figure 4.4 and table 4.1, respectively. 
GOLD DISTRIBUTION AT COSMO HOWLEY 137 
9 
1098 RL 10 
Phantom 
Pit 
3 
1095 RL 
I nearest contact to carbonaceous 
slate 
Figure 4.4: Location of the sample sites of the gold distribution study in the open cuts 
of Cosmo Howley. The site numbers refer to the listing in Table 4.1. Pit morphology as 
in 3.4, Chapter 3. 
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Locality Mine Grid Reference 
1 
2 
3 
4 
5 
Gold distribution in the hornfels and biotitic slate 
MAIN PIT, WEST WALL 
PHANTOM PIT, 
NORTH-SOUTH FACE 
PHANTOM PIT, EAST-
WEST FACE 
EASTERN MAIN PIT, 
EAST-WEST FACE 
EASTERN MAIN PIT, 
WEST WALL I 
section from 1597.8N, 4863.1E to 1573.9N, 4867.4E, 
1080 level 
2.5m north-south face, to the W of the pit center. 
1207.5N, 4981.1E, 1098 level 
southwest-pit, 25m from the west-wall, 1095 level 
high grade zone west of the pit center, 7m west of c-slate, 
1095 level 
quartz vein at 1397.6N, 5141,8E, 1095 level 
6 EASTERN MAIN PIT, quartz vein at 1407.8N, 5139.9E, 1095 level 
WEST WALL II 
7' MAIN PIT SHEAR 
ZONE 
eastern Main Pit 2.5 m face adjacent to: 1223.5N, 
4945.8E, 1100 level 
8 EASTERN MAIN PIT, southern end of Main Pit, 1095 level 
SOUTH WALL 
Gold distribution in the ±porphyroblastic biotite schist 
9 PHANTOM PIT, SOUTH southwest pit corner, section from 1066.0N, 4954.8E to 
WALL 1063.9N, 4974.9E, 1095 level 
10 PHANTOM PIT, EAST south of a pump sump, 1090 level 
WALL 
11 
Gold distribution in the carbonaceous slate 
MAIN PIT, EAST WALL, 
SECOND BENCH I 
section along driving bench, section from 169l.ON, 
5098.1E to 1724.2N, 5068.2E, 1120 level 
Gold distribution in the dolerite (Zamu Dolerite) 
12 MAIN PIT, EAST WALL, driving bench, section from 1691.0N, 5098.1E to 
SECOND BENCH II 1769.7N, 5021.7E, 1120 level 
Table 4.1: Location of the sample sites of the gold distribution study. "Locality" refers 
to the numbered locations in the outcrop map (Fig. 4.4). "Reference" gives the name for 
the locality which has been used in the text. 
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Gold Distribution in the Quartz Nodular Hornfels and the Chloritized 
Biotitic Slate 
West Wall, Main Pit - This section (Loc. 1, Fig. 4.4) contains a bedding-
concordant QV1 vein that is 80-120 em thick and dissected by numerous faults 
(Fig. 4.5). The vein formed 6-10 m from the west-dipping contact between hornfels 
and carbonaceous slate (Fig. 4.1) and was known to the miners as Osborne Lode. 
Strike-slip faults that intersect the vein contain carbonates and/or quartz (QV2) 
and are locally associated with fault breccias and ladder veinlets (QV3). 
Most of the gold concentrations have been plotted on the photographs of the 
vein (Fig. 4.5). The Au-rich samples AS134, and AS137 to AS142 (Table 4.2), 
however, are from the rocks within 5 meters to the north of the photographed 
profile (Fig. 4.5). The sample AS134 (105.5ppm) represents the upper vein selvage 
with abundant arsenopyrite rimming this QV1 vein. AS137 (104.2 ppm) contains 
the undisrupted center of the Osborne Lode which did not contain any sulphides. 
AS139 (115.4 ppm) represents a wallrock inclusion in the vein quartz. This fragment 
of hornfels was rimmed by arsenopyrite. 
These results show that vein samples represent the highest Au-concentrations 
measured in the section (Table 4.2). These are 3 to 6 times higher than concentra-
tions in samples from farther south in the Osborne Lode (Fig. 4.5). The QV1 vein 
however has segments in which the gold concentration is relatively low (::S 1, AS145, 
AS148, AS166). Large amounts of arsenopyrite in or adjacent to the QV1 vein are 
occasionally very Au-rich (105.5 ppm, AS134), but pure arsenopyrite can also have 
low Au-contents ( ~ 1 ppm, AS140). Thus the gold content of the vein does not 
correlate with the arsenopyrite content and the highest Au-concentrations are not 
linked to the presence of arsenopyrite. 
The samples AS139, and AS173 indicate that wallrock inclusions in the QVl 
vein have a very high Au-content. This is in contrast with the wallrock in the 
first few centimeters adjacent to the QVl vein which has an average Au-
content of 1 ppm. Wallrock at a distance larger than 20 em to the vein margin 
i.e., a sixth of the vein width, has a gold content of 0.1 ppm if it does not contain 
small-scale QV1 veins. AS134 (105.5 ppm) represents the most Au-rich wallrock of 
the Osborne Lode in the whole section. Its gold grade is 2-3 orders of magnitude 
higher than that of the hornfels in its near vicinity (AS138, AS140-142). 
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Figure 4.5: Opposite page: Grade sample site in the west wall of the Main Pit. Southern 
part of the section on top (south is left) and the northern part at the bottom (north is 
to the right). The section shows the "Osborne Lode" quartz vein ( QVl) in the quartz-
nodular laminated hornfels of the western-limb of the Howley Anticline (state of exposure: 
August, 1990). The values shown refer to the gold concentrations in rock-chip samples 
(ppm). Note the flexures due to superposed folding and the disruption by splay faults from 
the Main Pit Shear (out of view). In spite of the superposed deformation, the primary 
gold distribution pattern has been preserved, with high grades restricted to the vein. The 
highest gold concentrations which were observed in the survey are from samples taken to 
the right of the miner. 
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Chert nodules (AS161-163) in the vicinity of the Osborne Lode contain vari-
able but elevated amounts of gold relative to the wallrock. Thin-sections show that 
this gold occurs in fractures, in quartz overgrowth on the nodules, and within epi-
genetic sulphides. Hence, it does not reflect a primary gold enrichment. 
The QV2 vein (AS155 , 2.10 ppm Au, Fig. 4.5) in the strike-slip fault dissecting 
the Osborne Lode, is enriched in gold by a factor of thousand relative to the adjacent 
wallrock. This indicates precipitation, possibly redistribution of gold during the 
Main Pit Shear event. Because the Osborne Lode is depleted in gold where shears 
intersect it (AS148, AS166), leaching of gold from the vein quartz appears to have 
occurred during deformation. The QV2 vein/fault breccia (AS144) is enriched in 
gold seemingly, because it contains fragments of wallrock and QVl vein. 
In summary, the results from the West wall of the Main Pit demonstrate that: 
• Most of the gold is located within the vein quartz (QVl) and wallrock contributes 
little of the gold to be mined from the section. The Osborne Lode itself contains ten 
to thousand times more gold than the adjacent wallrock and is enriched in gold by 
up to 5 orders of magnitude relative to the hornfels and biotitic slate at at distance 
greater than 50 em from the vein (Table 4.2). 
• The Osborne Lode contains gold in concentrations varying over two orders of mag-
nitude along strike. 
• The Au-content of the vein is largely independent of its arsenopyrite content. 
• The Au-content of the vein selvage is typically one to two orders of magnitude lower 
than that of the vein but still above 1 ppm. 
• Wallrock more than 20 em away from the gold-bearing vein contains sub-economical 
concentrations of gold which are up to five orders of magnitude lower than in the 
vein. This gold content can be below the detection limit. 
• Gold was remobilized or introduced during Main Pit Shearing. 
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Au (ppm] ~ Rock Assemblage Sample 
115.35 2.70 QVl Qtz+Apy+hf-bs AS139 
105.50 5.00 WRQVl Apy+py+hf-bs AS134 
104.25 6.50 QV1 Qtz+Chl+Hem AS137 
98.75 4.50 QV1-breccia Qtz+Chl+hf-bs AS173 
88.81 5.62 QVl Qtz+py+Cal AS151 
19.95 0.10 QV1 Qtz+Apy+Cal AS154 
15.05 0.01 QV1 Qtz+Apy AS150 
13.31 0.09 WR in QV1 Apy+Chl+hf-bs AS167 
11.31 0.51 QV1 Qtz+Apy AS165 
7.08 0.24 Apy in QV1 Apy+py AS168 
3.86 0.28 QV1 Qtz+Chl+Apy AS135 
3.37 0.14 QV1 Qtz+Cal AS136 
2.10 0.05 QV2 Qtz+Py+Ccp AS155 
1.83 0.01 QV2 breccia Apy+Py+Hem+hf-bs AS144 
1.80 0.01 WRQV1 hf-bs+chert nodule AS152 
1.69 0.15 hornfels hf-bs+py AS169 
1.52 0.07 chert nodule Qtz+Hem AS162 
1.43 0.10 WRQV1 hf-bs+Apy+Hem AS138 
1.21 0.02 QV1 Qtz+Apy AS149 
1.19 0.07 WRQV1 Apy+hf-bs AS140 
1.08 0.07 QV1 Qtz+Apy AS145 
0.77 0.06 hf-bs hf-bs AS164 
0.73 0.06 chert nodule+hf-bs Qtz+cfs AS161 
0.67 0.05 WRQV1 hf-bs+Apy AS146 
0.63 0.01 hf-bs hf-bs+Qtz+gr AS171 
0.47 0.03 F-breccia Chl+Hem+hf-bs AS132 
0.43 0.06 WRQV1 hf-bs+Qtz AS172 
0.42 0.04 WRQV1 hf-bs+Apy AS143 
0.42 0.04 QV1-boudin Qtz+gr AS170 
0.36 dil. jog Qtz+hf-bs AS147 
0.33 0.01 QV1-boudin Qtz+py+gr+Chl+Ccp AS131 
0.33 0.06 WRQV1 hf-bs+Apy AS141 
0.31 0.02 QVl+WR Qtz+Chl+py+hf-bs AS157 
0.27 0.03 dil. jog Qtz+Chl AS158 
0.25 0.06 WRQVl hf-bs+Grt+Hem AS159 
0.18 WRQV2 hf-bs AS133 
0.11 0.01 shear-Cal Cal AS148 
0.11 0.01 hf-bs hf-bs AS160 
0.10 0.01 WRQVl hf-bs AS153 
0.09 0.02 chert nodule Qtz+Py+Chl AS163 
0.07 0.03 WRQV2 hf-bs AS156 
0.04 0.02 WRQV2 hf-bs+Qtz AS142 
Table 4.2: Grade samples from the west wall of the Main Pit. Au [ppm] lists the gold 
concentrations which were plotted in the photographs (Fig. 4.5). Abbreviations: hornfels 
(hf); biotitic slate (bs ); wallrock with respect to quartz vein (WR). For mineral names, 
Appendix B. Hematite (Hem) and chlorite (Chl) partly represent supergene overprint. The 
analyses were done by an Analabs laboratory on site at Cosmo Howley and duplicated for 
each sample. The first column provides the gold content as arithmetic mean of the two 
assays carried out on each sample. ~ is the difference between the two assay results and 
therefore reflects the reproducibility. As 0.01 ppm was the detection limit for gold with 
the ANALABs-AAS-system, samples with this content may not contain any gold. 
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Phantom Pit, North-South Flitch2 - This section exposes a 20 em-thick 
bedding-concordant QVl vein hosted by chloritized biotitic slate with chert nodules 
(Loc. 2, Fig. 4.4). The vein (Fig. 4.6) is located in the west limb of a superposed 
fold which is cross-cut by a dextral strike slip fault 4-m farther to the northwest. 
Thin-section micrographs of the vein and the alteration selvage have been presented 
earlier (Figs. 3.6 B, 3.7, Chapter 3). The wallrock of the QVl vein is free from major 
joints and fractures. 
The section is located m the hanging wall of the carbonaceous metasiltstone 
(Wildman siltstone P. Stuart-Smith pers. comm., Fig. 3.2, Chapter 3), but the 
position relative to carbonaceous slate in the west is poorly contrained, because the 
Phantom Thrust, which post-dates the formation of QVl veins, displaced the west-
limb of the Howley Anticline by more than 40 m. 
Figure 4.6: Grade sample site in the Phantom Pit, north-south face. 
Similar to the section through the Osborne Lode, the highest gold concentrations 
were found within the QVl vein, including its narrow alteration selvage. The two 
vein samples (AS83, AS76) contained little arsenopyrite, but more than 20 ppm Au 
(Table 4.3). A single crack-seal band in the right margin of the QVl vein contained 
numerous specs of native gold visible in hand specimen. A systematic decrease in 
2 Flitch is a miners term referring; to a step in the pit floor between two levels of excavation. 
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gold concentration with increasing distance from the QVl was well preserved in this 
relatively undisturbed section. With the exception of AS78 ( 4.99 ppm) the wallrock 
samples are free from arsenopyrite and contain 2-4 orders of magnitude less gold 
than the QVl vein. The chert nodule AS79 (0.77 ppm) which is directly adjacent 
to the QVl (Fig. 4.6) has a much lower Au-content than the normal QVl wallrock 
(AS78) indicating that the nodule did not contain significant amounts of primary 
gold. 
Au [ppm] ~ Rock Assemblage Sample 
56.10 2.20 QV1+WR Qtz+hf-bs+Apy+Chl AS77 
47.65 1.90 QVI Qtz+Py+Chl AS83 
22.05 3.30 QVI Qtz+Chl+Py AS76 
4.99 0.54 WR/QV1 bs+Chl+Py+Apy AS78 
0.77 0.18 chert nodule Qtz+Py+Chl AS79 
0.67 0.05 QVI+WR Qtz+Py+hf-bs AS84 
0.64 WR/QVl bs+Py AS80 
0.10 WR/QVl bs+Py AS81 
0.05 0.01 bs bs AS85 
0.04 WR bs+Chl AS82 
Table 4.3: Grade samples from the Phantom Pit, north-south face. WR/QVl refers to 
the altered rock directly adjacent to the vein quartz. 
The samples AS84 and AS85 are from the north of the photographed part of the 
section. AS84 is a 2.5 em thick QVl with an elevated Au-concentration relative to 
its wallrock and AS85 shows that no Au-enrichment was associated with the dextral 
strike slip fault. 
In summary, the gold concentration is highest in the QVl vein and the first 
centimeters of the altered wallrock which contains minor amounts of disseminated 
arsenopyrite. The gold concentration systematically decreases with increasing dis-
tance from the vein. As structures which postdate the QVl vein are rare in this 
section, this pattern seems to represent the primary Au-distribution. 
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Phantom Pit, East-West Face- The east-west section in the Phantom Pit (Loc. 
3, Fig. 4.4) was poorly exposed and disrupted by blasting. It contained a 50 em thick, 
superposed-folded QVI vein in chert nodular hornfels which was fractured during 
the superposed folding. Another subvertical, 5 em thick superposed-folded QVI vein 
oblique to bedding (~A227, 22.7 ppm) yielded the highest Au-concentration in the 
profile. 
The two QVI veins had similar alteration haloes of approximately three quarters 
of their thickness on each side of them. In the halo the hornfels was altered to a 
yellowish brown fine crystalline K-spar+biotite aggregate containing no sulphides 
(Table 4.4). 
The assay results (Table 4.3) again indicate that gold mineralization is restricted 
to the QVI veins and their alteration envelopes. The gold concentration in the chert 
nodule (AS223) was close to the detection limit. 
Au [ppm] A Rock Assemblage Sample 
22.73 3.05 QV1+WR Qtz+al t-hf-bs AS227 
11.09 1.22 QV1 Qtz+Hem AS223 
1.50 0.24 QV1 Qtz+Chl+Hem AS228 
1.27 0.12 WRQV1 alt.-hf-bs AS224 
0.28 WRQV1 hf-bs AS226 
0.17 0.02 chert nodule Qtz AS225 
Table 4.4: Grade samples from the Phantom Pit, east-west face. 
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Eastern Main Pit, East-West Face- Quartz nodular hornfels and chloritized 
biotitic slate of this section are juxtaposed against carbonaceous slate in the east 
(Loc. 4, Fig. 4.4). The carbonaceous slate focused deformation by the Main Pit 
Shear and the hornfels is sheared as well. The highest Au-content (AS23, 18.9 ppm) 
in this section was identified in a 12 em-thick QV1 vein which was oblique to bedding 
and highly deformed (Table 4.5). 
Grade (ppm] ~[ppm] Rock Assemblage Sample 
18.90 1.20 QVl Qtz+Py+t-Py+Chl AS23 
1.49 0.14 chert nodule Qtz+Py+Chl AS20 
0.98 0.10 chert nodule Qtz+Hem AS21 
0.14 0.08 chert nodule Qtz+Py AS22 
Table 4.5: Grade samples from the eastern Main Pit, east-west face. 
Solution-modified chert nodules with sulphide coatings and fringe structures 
which occur adjacent to the QVl vein showed a systematic decrease in Au-content 
away from the QVl vein towards the carbonaceous slate. The gold in the chert 
nodules appears to be epigenetic and shear-related, because of the sulphide-rich de-
formation structures. 
The last three sections permitted to characterize the gold distribution in the QVl 
veins. In the descriptions of the next two sections it will be shown that subeconomic 
quantities of gold were precipitated during QV2-stage veining and active deformation 
on the Main Pit Shear. 
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Eastern Main Pit, West-Wall I- The pit wa.ll contains a 35 em-thick QV2 vein 
which strikes northwest-southeast and cross cuts a bedding-concordant QV1 vein 
(Fig. 4. 7 A; Loc. 5, Fig. 4.4 ). The QV2 vein has a yellowish-green alteration halo 
which consists of sericite+actinolite+chlorite. The halo extends up to one meter on 
each side of the QV2 vein as defined by the lateral extent of disseminated arsenopy-
rite along primary lamination in the hornfels (e.g., Fig. 4. 7 B). The investigated site 
was located at a distance of less than 20 m from the contact to the carbonaceous 
slate on the eastern side of the Main Pit Shear. 
Au [ppm] ~ Rock Assemblage Sample 
6.63 0.25 Apy-layer Apy+Hem+Chl AS29 
1.96 0.14 dil. jog Apy+Hem+Chl AS35 
0.55 0.19 WRQV2 Chl+Apy+Ccp AS30 
0.45 0.01 QV2+WR hf-bs+Qtz+Py+Chl+Hem AS28 
0.23 0.07 QV2 Qtz+Chl+Hem AS32 
0.23 0.07 dark slate slate+Gr AS34 
0.19 0.04 WRQV2 hf-bs+Chl+ Hem AS25 
0.10 QV2+WR Qtz+Py+Apy+Chl AS24 
0.10 0.02 WRQV1-2 Qtz+Py+Chl AS27 
0.08 0.07 WRQV2 hf-bs+Apy+Hem AS33 
0.06 0.04 WRQV2 hf-bs+Apy+Chi+Hem+Cal AS26 
0.06 0.04 he-layer Hem+Chl AS31 
Table 4.6: Grade samples from the eastern Main Pit, west wall I. 
The highest gold concentrations in the site occurred in bedding-conformable 
arsenopyrite disseminations in the first centimeters adjacent to the QV2 (AS29, 
6.63 ppm). The gold content of the QV2 vein was low, but still two to three times 
higher than that of the average hornfels and biotitic slate in its vicinity (Table 4.6). 
The single sample from the small bedding-concordant QV1, contained only 0.1 ppm 
Au. 
The gold-distribution in this sample site indicates that some gold was precip-
itated together with QV2 veins when the Main Pit Shear was active. The gold 
was precipitated mainly in arsenopyrite laminations adjacent to the QV2 veins. 
This style of mineralization differs from the QVl veins where the gold is contained 
mainly in the vein quartz and gold grade does not correlate with the presence of 
arsenopyrite. 
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Figure 4. 7: Opposite page: Grade sample site in the eastern Main Pit, west wall I. 
A - Subvertical QV2 vein in steeply-dipping hornfels. The vein cross-cuts a bedding-
concordant QVl vein in the left of the photograph. 
B - Bedding conformable arsenopyrite disseminations m the wallrock of the QV2 vem. 
Similar bands of arsenopyrite contained the highest concentrations of gold which were 
observed at this site. 
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Eastern Main Pit, West Wall II- This site (Loc. 6, Fig. 4.4) contains a QV2 
(AS86) which is oblique to bedding and dissects hornfels and biotitic slate beds 
farther away from the contact to the carbonaceous slate than in the previous site. 
Again, arsenopyrite is associated with the QV2 in the form of bedding-conformable 
disseminations (Fig. 4.8 B) pinching out away from the vein or giving way to pyritic 
bands. Close to the QV2 (AS86) these arsenopyrite aggregates yielded the highest 
gold contents of the site (AS90 > AS98 > AS97, 2. 7- 0.9 ppm). The quartz nodular 
hornfels contained large fibrous actinolite the abundance of which also decreased 
away from the vein. This actinolite did not contain any significant gold enrichment 
in the absence of arsenopyrite laminations. 
The gold concentration in the QV2 vein ( AS86) is six times higher than in the 
wallrock (±0.1 ppm) at a distance greater than 30 em from it (ASS0-82, AS85). 
Au [ppm] ~ Rock Assemblage Sample 
2.76 0.08 Apy-layer QV2 Apy+Chl+Hem AS90 
1.12 Apy-layer QV2 Apy+Chl+Hem AS98 
0.91 0.06 Apy-layer QV2 Apy+Chl+Hem AS97 
0.61 0.01 QV2 Qtz+Py+Hem AS86 
0.57 0.02 WRQV2 hf-bs+Py+Hem AS93 
0.41 0.06 QV2+WR Qtz+Hem, hf-bs+A~t AS95 
0.39 0.02 WRQV2 hf-bs+Chl+Hem AS88 
0.20 WRQV2 hf-bs AS89 
0.15 0.01 WRQV2 Chl+ab?+hf-bs AS87 
0.12 0.01 WRQV2 hf-bs+Apy AS102 
0.12 WRQV2 hf-bs+Apy AS103 
0.11 0.02 QV2+WR Qtz+Hem, hf-bs AS96 
0.09 0.06 WRQV2 hf-bs+Act+Chl AS91 
0.09 WR hf-bs+Py ASlOO 
0.09 0.02 WRQV2 hf-bs+Act AS101 
0.06 QVl+WR Qtz+Py+hf-bs AS92 
0.05 0.02 WRQV2 hf-bs+Apy AS105 
0.04 0.02 WRQV2 hf-bs+Chl AS94 
0.03 fault-breccia Chl+Hem+hf-bs AS99 
Table 4.7: Grade samples from the eastern Main Pit, west-wall II. 
A fault-related breccia ( AS99) and an arsenopyrite dissemination along a fracture 
parallel to the Main Pit Shear (AS105, Table 4.7) were not associated with a gold 
enrichment. 
In summary, the results indicate that some gold was precipitated together with 
arsenopyrite during movement on the Main Pit Shear. 
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Figure 4.8: Opposite page: Grade sample sites in the eastern Main Pit, west wall II. 
A - Subvertical QV2 vein in steeply dipping quartz-nodular hornfels. 
B - Greenish-yellow alteration adjacent to the QV2 vein. The alteration halo contains a 
bedding-conformable dissemination of arsenopyrite (0.39 ppm). 
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Main Pit Shear Zone, East-West Face - This section (Loc. 7, Fig. 4.4) 
extended from carbonaceous slate in the east, with vertical sulphides lenses (Fig. 4.9 
B), over a quartz-nodular hornfels horizon to chloritized biotitic slate in the west 
(Fig. 4.9 A). The hornfels was cut by an oblique-normal-slip fault (Fig. 4.9 B). 
The highest gold concentrations were found in boudinaged bedding-concordant 
QV1 veins in the hornfels (AS111, 1.88 ppm) and in boudins of QV1 veins elsewhere 
in shears (AS123, AS125, Table 4.8). 
An 8 em thick QVI vein (AS119, 6.67 ppm) in the undisturbed hornfels was 
enriched in gold by 3 times relative to the adjacent wallrock (AS120) sampled at a 
distance of less than 13 em from the vein. Farther away from the vein, the grade 
decreased again by a factor of ten. 
The hornfels also contained vertical arsenopyrite-actinolite lenses along fault 
planes. These shear-related infills (ASllO, AS113, AS118, AS120, AS122) did not 
have a gold concentration exceeding 3.5 ppm although some of them consisted of pure 
arsenopyrite (AS113, AS120). Nevertheless they represent economic mineralization 
located in the non-carbonaceous footwall of the carbonaceous slates. Also, the 
sheared hornfels had average gold concentrations above 0.5 ppm. This is higher 
than grades of undeformed hornfels (AS112, AS115, :::; 0.2 ppm) and applies also to 
other sites. 
Au [ppm) .6. Rock Assemblage Sample 
11.82 1.04 QV1 Qtz+Py+Chl AS123 
6.67 0.26 QV1 Qtz+Py AS119 
3.37 0.26 Apy-stringer Apy+Chl+hf-bs AS122 
2.15 0.13 Apy-stringer Apy+Chl AS113 
2.00 Apy-stringer Apy+Chl AS120 
1.88 0.12 Apy-stringer Apy+Qtz+Chi+Gr ASllO 
1.58 0.02 QVl boudin Qtz+Py ASlll 
1.44 0.08 QV1 boudin Qtz AS125 
1.08 0.04 car b.-slate Py+t-Py+Gr AS106 
1.04 0.04 bio-slate Bi+Ms+Qtz+Gr AS126 
0.73 0.02 hf-bs hf-bs+Gr+Hem AS117 
0.71 0.03 bio-slate Bi+Ms+Qtz+Chi+Apy AS127 
0.62 0.08 py-stringer Py+t-Py+Qtz AS108 
0.62 chert nodule Qtz+Gr AS109 
0.19 0.02 hf-bs hf-bs+Chi+Gr+Apy+Hem AS118 
0.18 c-slate+QV 4 Qtz+gr+Py+t-py AS107 
0.18 0.08 hf-bs hf-bs AS115 
0.10 0.08 bio-slate gr+Qtz+slate AS121 
0.09 0.06 fault breccia Chl+gr+hf-bs AS124 
0.07 0.02 hf-bs hf-bs+Gr AS112 
Table 4.8: Grade Samples from the Main Pit Shear Zone. 
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Figure 4.9: Grade sample site in Main Pit Shear Zone, East-West Face. 
The upper photograph (A) shows the western part and the lower photograph the eastern 
part (B) of the section. The left part of the section (B) consists mainly of carbonaceous 
slates. 
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Sulphide infills and lenses in the sheared carbonaceous slate also contained ap-
preciable concentrations of gold (AS 106-109). These are however significantly lower 
than those in the arsenopyrite lenses in the hornfels. A fibrous crack-seal vein QV 4 
in the shear (AS107) contained little gold. 
The results for this section demonstrate that re-distribution and re-precipitation 
of gold during the Main Pit Shear event was economically important. Economic 
gold concentrations can occur in arsenopyrite-rich lenses in sheared hornfels. The 
re-mobilisation is indicated by significant volume loss from QV1 boudins via solution. 
The shear-related gold concentrations, including the arsenopyrite lenses, are however 
quantitatively much less important and possibly even derived from those in the 
sheared QV1 veins. 
The consistently elevated gold concentrations in the samples seem to reflect also 
the close proximity of the site to the carbonaceous slates. This stratigraphical setting 
appears to have exerted the same control on gold precipitation during movement on 
the Main Pit Shear as it did for the vein stage QV2. 
South Wall, Eastern Main Pit - The south wall in the eastern Main Pit 
exposes discrete faults and high strain zones in the hornfels and biotitic slate. The 
faults are em-wide, filled with pyrite, arsenopyrite, and green biotite. The adjacent 
wall rock has a strong stretching lineation and contains up to 30 vol.% of spessartine 
garnet (Garnet II). 
All the samples contained sub-economic concentrations of gold (Table 4.9). The 
sample AS213 (1.18 ppm) comprised only material out of the fault and had the high-
est gold content of this site. The highly strained wallrock adjacent to a fault (AS214) 
also had an elevated gold content relative to the undeformed hornfels (AS216). 
The presence of gold-bearing, solution-modified, boudinaged QV1 veins (AS215, 
217) suggests that the gold in the shears was remobilized from the latter. 
Au [ppm] ~ Rock Assemblage Sample 
1.18 0.08 shear-fault crd-hf-hs+Py+Apy AS213 
0.82 0.04 hf-bs crd-hf-bs+Apy+Bt AS214 
0.60 QVl-boudin Qtz+Apy AS215 
0.30 0.04 hf-bs hf-bs+Mn-Grt AS216 
0.15 0.06 QVl Qtz+Py AS217 
Table 4.9: Grade samples from the south wall of the eastern Main Pit. 
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Grade Distribution in the Biotite Schist of the Phantom Pit 
South wall, Phantom Pit - Intensely deformed biotite schist from the footwall 
of the Phantom Thrust (Loc. 9, Fig. 4.4, cf., Fig. 3.4, Chapter 3) contained a 50 
em wide, massive QV1 vein (AS208) and various solution modified QV1 boudins. 
The shortest distance from these vein to a carbonaceous metasiltstone bed at depth 
was greater than 150 m. The QV1 boudins as well as strained chert nodules were 
partly enveloped by pyrite which occupied fringe structures so that its formation is 
considered as contemporaneous with the reverse faulting event. 
Similar to the observations made elsewhere, the QV1 vein (AS208) contained 
a higher concentration of gold than the adjacent, highly strained wallrock (AS209-
210). Both vein and wallrock gold concentrations are sub-economic. 
A 15 em thick QV1 vein boudin (AS204) rimmed by pyrite, and found about 15 
m to the west of the sample AS208, contained more than 1 ppm gold (Table 4.10). 
Again the gold concentration in the wallrock decreased with increasing distance from 
the boudinaged vein (AS205, AS203). 
Au [ppm] ~ Rock Assemblage Sample 
1.41 0.11 QV1 Qtz+Py+t-Py AS204 
0.67 0.06 WRQV1 Crd+Bt+Chl+Qtz AS210 
0.30 0.04 QV1 Qtz+Py+t-Py+Ccp AS206 
0.26 0.05 WRQV1 Crd+Chl+Bi+Qtz AS209 
0.14 0.02 WRQV1 Bi+Crd+Chl+t-Py AS205 
0.12 0.03 chert nodule Qtz+Py AS207 
0.05 0.02 bio-schist Crd+Bt+Qtz AS203 
Table 4.10: Grade samples from the south wall of the Phantom Pit. 
A chert nodule (AS207) in the highly strained biotite schist did not show an 
enrichment of gold relative to its wallrock. 
The section indicates that QVl veins remote from carbonaceous slate carry very 
little gold, but the strong deformational overprint largely obliterated QV1-stage 
structures. 
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East Wall, Southern Phantom Pit - This section (Loc. 10, Fig. 4.4) exposes 
a 25 em thick pegmatitic QV3 vein hosted by biotite schist. It therefore allows to 
identify the gold content in this latest stage of high temperature veining. The QV3 
vein is fragmented by deformation related to the Main Pit Shear, but was originally 
oblique to bedding. The first 15 em of the wallrock adjacent to the QV3 vein contain 
black tourmaline needles. The site is situated at a distance of about 10 m from a 
carbonaceous bed in the metasiltstone. 
Au (ppm] ~ Rock Assemblage Sample 
0.10 0.04 QV3 Qtz+Tur+Chl+Py AS219 
0.04 0.01 WRQV3 Chl+Cal+Bt+Ms+Qtz+Tur AS220 
0.02 WRQV3 Bt+Qtz+Ab+Ms+Tur AS221 
0.02 QV3 Qtz+Tur+Py AS222 
Table 4.11: Grade samples from the east wall of the southern Phantom Pit. 
Although sample AS219 indicates that the concentration of gold in the QV3 
vein is higher than in the adjacent wallrock (Table 4.11), all analysed samples from 
this site contain sub-economic concentrations of gold. This was observed also for 
a subhorizontal QV3 vein in a dyke exposed in the north-wall of the Phantom Pit. 
This vein contained a concentration of 0.12 ppm gold which again is higher than 
that in the adjacent wallrock (0.04 ppm). Still, these results indicate that the QV3 
veins do not constitute to the gold mineralization at Cosmo Howley. 
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Gold Distribution in Quartz-Veined Carbonaceous Slate 
East Wall, Main Pit, Second Bench I - Abundant bedding-concordant QV1 
veins are hosted by carbonaceous slate that forms a superposed fold in the east limb 
of the Howley Anticline (Loc. 11, Fig. 4.4). The fold has a wavelength of about 50 m 
and plunges 82° to west-northwest. The folded carbonaceous slate contains distinct 
micaceous intercalations. Bedding-concordant em-thick stylolitic pyrite layers are 
present. 
In spite of the presence of QV1 veins, all the samples from the site contained 
less than 0.2 ppm gold (Table 4.12). Therefore, there is no economic mineralization 
in QV1 veins within the carbonaceous slate of the Upper Koolpin formation. 
Au (ppm] ~ Rock Assemblage Sample 
0.13 0.06 WR car b.-slate AS188 
0.11 0.05 slate car b.-slate AS186 
0.10 WR car b.-slate AS175 
0.10 0.04 TG1 Qtz+Py AS177 
0.09 0.02 WR carb .-slate+ Py AS184 
0.08 0.01 TG1 Qtz+Py AS175 
0.08 0.04 QV1+slate Qtz+carb .-slate AS191 
0.07 0.02 QV1 Qtz+Py+Chl AS128 
0.06 0.04 slate car b.-slate AS178 
0.04 0.05 QV1 Qtz+Py+Chl AS179 
0.04 0.01 TG1 Qtz+Py AS182 
0.04 0.03 mic-band layered tuff AS185 
0.04 QV1 Qtz+Py AS192 
0.03 TGl Qtz+Py+carb.-slate AS174 
0.03 0.01 WR Chl+Py+slate AS180 
0.03 0.01 WR Chi+ Py+carb.-slate AS181 
0.03 0.01 TGl Qtz+Chl AS183 
0.03 0.02 QVl Qtz AS187 
0.02 0.01 WR tuff AS189 
0.02 0.01 mic-bancl Ms+Chl AS190 
b.d.l. QVl Qtz+Py AS129 
b.d.l. QV1 Qtz+Chl AS130 
Table 4.12: Grade samples from the east wall of the 11ain Pit, second bench I. 
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Gold Distribution in the Dolerite 
Since the completion of this gold distribution study further QV1 veins have been 
found in dolerite at Fleur de Lyse which intruded non-carbonaceous phyllites, 1.2 
km north of the Cosmo Howley Main Pit. These veins have alteration haloes of 
K-feldspar, arsenopyrite and sericite and contain gold in the range of 3-45 ppm for 
the few assayed samples. 
East Wall, Main Pit, Second Bench II - The uppermost dolerite sill which 
occurs within the carbonaceous slate (Third dolerite sill, Fig. 3.2, Chapter 3) was 
sampled throughout a superposed fold where it contained the most abundant and 
thickest quartz veins in the whole Cosmo Howley deposit. These are either parallel to 
the cross fold limbs or subvertical and discordant with an initial southwest - north-
east strike. While the sill-parallel veins were already present when the cross-fold 
developed, as evident from the folding of these veins, the discordant veins postdate 
the superposed folding and cross-cut the sill-parallel veins. These overprinting rela-
tions indicate that the sill-parallel veins represent the QV1 stage- and the discordant 
veins the QV2 stage of veining, respectively. Importantly, mapping conducted prior 
to this study showed that the discordant veins (QV2) were continuous over tens of 
meters down into the hornfels in the core of the anticline below the carbonaceous 
slate. At this deeper level; the pit mapping and grade control data show that the 
veins were associated with sub-economic gold mineralization (0.3 - 1.5 ppm). 
The highest Au-concentration of the face in the wallrock (AS194) of a 20 em-
thick QV1 vein is just above the detection limit for gold (0.01 ppm). No gold was 
detected in the meter-wide QV2 veins. Because the same QV2 veins at depth carried 
at least slightly elevated gold concentrations at depth, it may be speculated that 
rising gold-bearing fluids shed most of their their gold during passage through the 
carbonaceous slate. 
Deformed dolerite in the Main Pit Shear in the footwall of the carbonaceous 
slates, with carbonate shear bands and arsenopyrite disseminations, had gold con-
tents up to 0.91 ppm. 
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Au (ppm] ~ Rock Assemblage Sample 
0.06 0.02 WRQV1 alt-dol+Chl AS194 
0.05 0.01 WRQV1 alt-dol+Chl AS197 
0.03 0.01 WR dolerite AS195 
0.03. O.Dl QVl Qtz+Py AS196 
0.03 0.01 QV2 Qtz+Py+Chl+Hem AS199 
0.03 O.Dl WRQV2 alt.-dol AS200 
0.03 0.01 WRQV2 alt-dol AS201 
0.02 0.01 QV1 Qtz+ Py+Ccp+ Hem AS193 
0.02 O.Dl alt. alt-dol AS202 
0.01 QV2 Qtz+Hem AS198 
Table 4.13: Grade samples from the Main Pit, east wall, second bench II. 
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4.3 Vein-Scale Distribution of Gold 
The mode of occurrence of gold in the quartz veins QVl has already been described 
in the last chapter. Thus, only the heterogeneity of the gold distribution on the 
scale of the veins will be discussed here. 
The gold distribution over the width of the quartz veins is strongly heteroge-
neous. In the vein in the north-south face in the Phantom Pit (Loc. 2, Fig. 4.4), 
macroscopically-visible gold occurred only along one margin of a 40 em long, 3-8 
mm wide slab of altered wallrock as up to 0.5 mm-sized blebs near the center of the 
ve1n. 
An examination of the whole vein in a series of thin-sections identified only a few 
other, tens of micron-sized gold flakes which always occurred in planar arrays in the 
recrystallized vein quartz. Numerous additional saw-cuts of QVl veins from a range 
of sites contained native gold also predominantly a.long the contacts between vein 
quartz and detached wallrock slivers. Occasionally, gold occurred along vein-parallel 
cracks in the quartz or just as isolated blebs in the latter. 
These observations indicate that gold was deposited intermittently in the growth 
history of the QVl veins. Because most of the gold in the veins appears to be located 
along single fracture planes, a single crack-seal event out of hundreds of cycles of 
crack-sealing may have deposited essentially all of the gold contained in a vein. 
This may indicate significant changes with time in the composition of the fluid 
which migrated intermittently through the veins. The common occurrence of macro-
scopically visible amounts of gold in cracks which fractured larger slivers of wallrock 
may further suggest that gold was precipitated mainly during events in which longer 
and more continuous fractures formed. 
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4.4 Conclusions 
In summary, QVl quartz veins and their narrow alteration selvages carry the dom-
inant part of the gold mineralization i.e., most of the tonnage of ore at the Cosmo 
Howley deposit where they occur in the non-carbonaceous lithologies in the immedi-
ate footwall of the carbonaceous slate. With a few exceptions, the gold concentration 
in these veins decreases to sub-economic values (::; 2 ppm) within 50 meters distance 
from the contact to the carbonaceous slate. 
• The QVl veins are enriched in gold by two to three orders of magnitude relative to 
the immediately adjacent wallrock. This wallrock is typically enriched in gold by a 
factor of ten relative to the more remote wallrock. 
• The gold grade in individual quartz veins ( QV1) may vary by two orders of magni-
tude along strike. 
• QVl quartz veins, in the carbonaceous slate of the Upper Koolpin Formation and 
in the dolerite sill therein are barren. 
• In the QVl veins the gold grade does not correlate with the abundance of sul-
phides. By contrast, the QV2 quartz veins carry the gold in associated arsenopyrite 
laminations, pinching out away from them. 
• QV2 quartz veins and arsenopyrite or pyrite sulphide lenses or disseminations in the 
Main Pit Shear contribute predominantly subeconomic mineralization which does 
however exceed 3 ppm locally. 
• Pegmatitic QV3 quartz veins are barren. 
• Background values in all of the lithologies present at Cosmo Howley ranged between 
0.01-0.5 ppm, typically slightly above the detection limit (0.01 ppm). These samples 
may have still contained epigenetic sulphides. 
• There are no indications for a primary gold enrichment in the diagenetic quartz 
nodules. Close to mineralized quartz veins or in shear zones, however, they tend 
to be passively enriched in gold relative to the surrounding wallrock. The latter is 
ascribed to the competence contrast between nodule and wallrock which leads to 
quartz and sulphide fringe structures during deformation. 
• QV2 veins which are continuous from below the carbonaceous slates to within these 
units contain gold grades near 1 ppm at depth, and grades near the detection limit 
in the carbonaceous slates. 
If one assumes that gold was strongly partitioned into the magmatic fluid which 
was released from the crystallizing granite melt at depth and became involved in 
the mineralization process, it may be speculated that the systematic decrease in the 
gold concentrations from the vein sta.ge QVl to QV3 reflects a decrease in the gold 
concentration of this fluid with time. 
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Introduction and Summary 
The detailed timing constraints on the structural evolution of the Cosmo Howley 
deposit (Chapter 3) provided the opportunity to study the physico-chemical evolu-
tion with time of a gold depositional site in the ore-forming system in the central 
Pine Creek Inlier. Temperature and pressure constraints on this evolution are sum-
marized in figure 5.1. Similar to the other gold deposits, ore deposition occurred 
at a high temperature (550:ST:S620°C). Temperature did not decrease much below 
500°C until the deformation of the Main Pit Shear had ceased. Potentially 200 Ma 
after the formation of the QV3 veins, as indicated by a model age for common lead 
from galena of QV5 veins, low temperature veining (:S250°C) coupled with base 
metal deposition occurred. 
The sulphur and oxygen fugacity at the site of gold deposition has been con-
strained by paragenetic relationships (Fig. 5.2). Log fS 2 was about -0.3 at 550°C 
and the fluid is inferred to have been H2S-dominated with a redox state near the 
maximum stability of graphite (±10-22 ). This is consistent with a reduction of the 
magmatic/metamorphic fluid that entered the deposit from below (cf., Chapter 1). 
The sulphur-isotopic composition of the sulphides from QV1 to QV3 stage ( 834S 
+ 7.2 to -0.3 per mil) is consistent with a magmatic sulphur derivation. The reduc-
ing conditions during ore deposition indicate a strong influence of the carbonaceous 
slates on the composition of the fluids that deposited gold in the quartz veins in the 
footwall of this lithology. 
The oxygen-isotopic compositions of the different generations of quartz vems 
indicate a strong influence of the isotopically-heavy host rock on the composition 
of the mineralizing fluid. The quartz nodular hornfels appears to represent the 
heaviest endmember ( 8180 chert nodules: ::; 18.5 per mil) of a spectrum of SiOr 
sources ranging to isotopically light magmatic fluid (;:;::::9 per mil). Binary mixing 
between these two endmember components with an increasing input of magmatic 
fluid with time explains well the observed decrease in 8180 of vein-forming fluid from 
QV1 (8180(H2 o): 13.6 per mil) to QV3 stage (8180(H2 o): 11.8 per mil) which occurs 
in spite of the apparent decrease in fluid temperature. 
A weakly acid pH (4.3-4.7, 1-5 mol Cl) of the mineralization fluid at the site 
of gold deposition is fixed by fluid salinity, vein formation temperature, and the 
paragenesis K-feldspar+anda.lusite+biotite+quartz in the altered selvages of QV1 
veins. 
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Figure 5.1: Schematic loop diagram ofthe PT-t history ofthe Cosmo Howley gold deposit. 
The PT-t-loop is based on geothermometric constraints obtained from isograd reactions 
discussed in Chapter 1 ( QV1 ), garnet-biotite geothermometry of Ferry and Spear (1978) 
and Perchuk (1981) (QV1-QV2), quartz-muscovite oxygen isotope fractionation (QV3), 
and arsenopyrite geothermometry (QV1-QV3). The geothermometry was applied using 
pressures identified in the regional, geobarometric study on phengites ( QV1 and later) and 
additional data from the QV3 quartz veins. 
The chapter proceeds with a detailed description of the geothermo- and baro-
metric constraints, including garnet-biotite-, arsenopyrite-, and oxygen-isotope frac-
tionation geothermometry between mineral pairs. Sulphide phase equilibria are 
discussed followed by results from the study of oxygen and sulphur isotopes, and 
radiogenic isotopes of lead. 
GOLD DEPOSITION AT COSMO HOWLEY 164 
Figure 5.2: Next page: Paragenetic sequence at the Cosmo Howley Deposit. Abbrevia-
tions of mineral names according to Kretz (1983, Appendix B). 
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5.1 General Constraints on Temperature 
Paragenetic and microstructural relationships at Cosmo Howley permit temperature 
estimates for the various stages of mineral growth (Fig. 5.1). A par agenetic sequence 
diagramm is given in figure 5.2. Like in the other Pine Creek deposits (Chapter 
1), peak contact metamorphic temperatures of 550 to 620°C (200~P~250 MPa) 
are indicated by the assemblage of K-feldspar+andalusite+biotite+quartz (Kerrick, 
1972; Thompson, 1974; cf., Chapter 1 ). 
At a pressure of 200 MPa, reaction 1.1 (Chapter 1) fixes the lower temperature 
limit to 550°C for the lowest potential XH2 o of 0.5 (cf., Fig. 1.10, Chapter 1). At 
lower XH2 o andalusite should have been replaced by mullite (Schramke, 1987). The 
upper temperature limit is imposed by the absence of sillimanite. 
The maximum pressure under which the paragenesis K-feldspar+andalusite+bio-
tite is stable also depends on the partial pressure of water. Kerrick (1972) found a 
maximum pressure of 270 MPa for an X H2o of 0.5 P total and 210 MPa for an XH2 o of 
1.0. 200-220 MPa are indicated by the regional barometric study on phengites in the 
central Pine Creek Inlier (Chapter 1). In this context, the Al-content of hornblende 
in the McMinns Bluff Granite, the member of the Cullen suite which dips gently 
under the Cosmo Howley deposit, is indicative of a range in ambient pressure from 
300 to 350 MPa during granite emplacement (Zhia. Bajwah, 1991). Apart from the 
uncertainty of the hornblende geobarometer these data allow that the hornblende 
crystallized at greater depth prior to- or during granite emplacement. 
During prograde contact metamorphism, almandine garnet formed (Garnet I, 
MnO ~2 wt.%, MgO ~2.5 wt.%). The assemblage of alma.ndine+biotite+cordier-
ite is more common in the quartz nodular hornfels and some of the carbonaceous 
slate beds, while K-feldspa.r+a.nda.lusite+biotite+muscovite is more characteristic 
for the biotite schist and the alteration haloes of QVl veins. The cordierite is so 
strongly retrogressed that no Fe/Mg ratio could be obtained. However, experiments 
conducted by Hirschberg and Winkler (1968) for the reaction: 
chlorite + muscovite + quartz ;:::::: cordierite + biotite + Al2Si05 
for a wide range of Fe/Mg-ratios in cordierite, indicate a. minimum formation 
temperature greater than 530°C at a pressures of 200 MPa. Putnis and Holland 
(1986) have shown that the formation temperature for cordierite with sector-trilling 
structure, such as that observed at Cosmo Howley and in its vicinity, is about 20-
800C higher than for plain cordierite, thus giving a minimum temperature of 550°C 
which overlaps with the temperature indicated by the alteration assemblage of the 
QV1 veins. 
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During the superposed folding and the subsequent formation of the Phantom 
Thrust, the contact-metamorphic biotite clots were overgrown by more biotite and 
minor amounts of muscovite oriented in the plane of the new foliation. This younger 
foliation wraps around the cordierite porphyroblasts (Fig. 3.8, Chapter 3), indicating 
that cordierite was still stable and more competent than its matrix. Therefore, both 
the superposed folding and the reverse faulting event did not occur much later than 
the peak of contact metamorphism at Cosmo Howley. No new cordierite or garnet 
can be related to these events. 
Cordierite was finally replaced by muscovite, Mn-biotite and/or stellate fibrous 
amphibole, mainly actinolite, during the Main Pit Shear event (Fig. 5.2). These 
assemblages commonly contain second stage Mn-almandine (Garnet II). The insta-
bility of the cordierite at that stage suggests that the maximum temperature had 
decreased below 530°C at 240 MPa (Hirschberg and \iVinkler, 1968; Holdaway and 
Lee, 1977). The exact pressure constraint of 240 MPa is derived from the Si-content 
in muscovite from the QV3 veins as will be described in a later section. 
Around the strike-slip faults and shear breccia zones, late syn- to post-kinematic, 
pale Mg-chlorite, septechlorite and post-kinematic chloritoid indicate a final decrease 
in temperature (Fig. 5.2). Rutile and dark green cryptocrystalline chlorite also 
overgrow the synkinema.tic fabric. They are associated with calcite or ankerite in 
the QV 4 veins. The presence of marcasite in the QV5, indicates temperatures below 
250°C during the normal faulting event and sphalerite+galena precipitation which 
occurred at around 1.6 Ga as will be shown in the section on Ph-isotopes. 
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5.2 Garnet-Biotite Geothermometry 
The garnet-biotite geothermometer (Ferry and Spear, 1978; Perchuk, 1981) has 
been applied to estimate the temperatures during early contact metamorphism and 
the Main Pit Shear event (Table 5.1). It will be shown that garnet I appears to 
have formed at about 400±50°C during prograde mentamorphism and before QV1 
veining. Garnet li-Mn-biotite pairs indicate that semi-ductile deformation in the 
Main Pit shear occurred at a temperature around 410-460±20°C. 
For the application of the geothermometers, the total iron provided by the mi-
croprobe (EDS) analysis was treated as ferrous following the suggestion of Schuh-
macher (1991). It has to be stressed, that at the reduced XH 2 o expected in carbona-
ceous slate, the obtained temperatures represent minimum estimates ( cf., Discussion, 
Chapter 1). 
Association n FeO MnO MgO T(0 C) 'F &. S, 78' T(0 C) 'P, 81' 
Carbonaceous biotite schist (Sample 10558) 
Grt I, core 2 38.17 0.85 1.79 413 470 
Grt I, rim 4 37.96 0.83 1.63 394 456 
Grt I, Gr 3 38.12 0.85 1.57 385 
Grt I, undiff. 6 38.40 0.54 1.77 409 
Grt II, core 7 34.47 5.11 1.0 412 
Grt II, rim 3 36.16 3.18 1.12 415 
Bt I 9 21.86 0.0 10.2 
Bt II 2 21.39 0.0 10.17 
Bt, undiff. 4 21.28 0.0 9.77 
Biotite schist. (Sample Sl\111) 
Grt 5 11.46 20.19 0.63 461 
Bt 10 15.41 0.65 12.18 
Table 5.1: Average compositions of garnet and biotite and temperatures obtained from 
garnet-biotite geothermometric data from Cosmo Howley (Samples 10558, SMll, Anal-
yses: Table 5.2 and Appendix A). n = number of analysed mineral specimens. 'F & 
S, 78' = temperature obtained with the geothermometer of Ferry and Spear (1978), un-
certainty ±50°C; 'P, 81' = temperature via calibration of Perchuk (1981), uncertainty 
±20°C ~ 5.3%, see Perchuk (1981). Lithologies: carbonaceous biotite schist and biotite 
schist/hornfels. Gr refers to garnet which is rich in graphite inclusions (Fig. 5.3). 
As discussed briefly in Chapter 3, the distinction between garnet I and garnet II 
is based on the following observations (cf., Fig. 5.3): 
• By contrast with garnet II, garnet I contains primary sedimentary features like 
bedding or carbonaceous laminations. 
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• Garnet I occurs throughout the metasedimentary sequence at Cosmo Howley and 
is enriched in garnetiferous hornfels and carbonaceous slate three kilometers to the 
south. Mn-garnet II occurs predominantly within zones of semi-ductile deformation 
within the Main Pit Shear in which it can amount to 30 vol.% of the rock. 
• Where garnet I occurs in sheared hornfels it is altered and partly replaced by am-
phibole while Mn-garnet II is in textural equilibrium with the latter. 
• Where garnet I and II occur together, growth of garnet II appears to have nucleated 
in the cores of garnet I. Fragments of garnet I are displaced radially by the new 
garnet growth (Fig. 5.3 B). 
• The compositions of the two generation of garnets differ strongly and no intermediate 
compositions occur (Table 5.2). The Mn-enrichment of garnet II is also reflected in 
the synkinematic biotite which occurs exclusively in the Main Pit Shear. 
The thermometers were applied for a pressure of 250 MPa (Table 5.1) but the 
pressure sensitivity of the polybaric version of the garnet - biotite geothermometer 
(Ferry and Spear, 1978) is so small that results for 200 MPa differ only by +5°C. 
The thermometer of Ferry and Spear (1978) has been applied on almandine -
biotite I pairs which seems valid because the Mn-content in the garnet is below 
1 %. The almandine-biotite pairs yield a formation temperature of 395-410±50°C 
decreasing from core to rim (Table 5.1 ). This temperature is much lower than the 
peak metamorphic temperature indicated by the alteration assemblage of the QV1 
veins and the presence of cordierite with sector-trilling. The lowest temperature 
for garnet I was obtained for carbon-inclusion-rich garnet I which appears to be 
texturally early. This result is consistent with a prograde formation of garnet I. 
Manganiferous garnet II and biotite II in the carbonaceous biotite schist (Fig. 5.3) 
give temperatures around 410±20°C for the Main Pit shear event (Table 5.1 ). An-
other sample chosen for geothermometry on this generation of garnet-biotite pairs 
(SMll, Appendix B) showed boudinage structures, strong foliation and sulfide por-
phyroclasts. It stems from a Main Pit Shear high-strain zone where only second 
generation garnet was present in textural equilibrium with manganiferous green 
biotite defining the foliation of the Main Pit shear in the open pit. The composi-
tions of Mn-garnet and Mn-biotite from this sample give a formation temperature 
of 461±20°C with the geothermometer of Perchuk (1981). 
In summary, garnet-biotite geothermometry may indicate prograde formation of 
garnet I at temperatures between 380-415±50" C and retrograde formation of garnet 
II at temperatures of 410-460±20oC during the Main Pit Shear event. 
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Figure 5.3: Opposite page: Manganiferous second generation garnet II in the cores of 
contact metamorphic garnet I (Sample 106558). 
A - The sample represents garnetiferous carbonaceous biotite schist in the Main Pit Shear 
which was intersected in drillcore (GA41/482.5 m). The biotite I appears in dark brown 
clots and individual flakes are randomly orientated. Thus, it is distinct from greenish-
brown biotite II, defining a foliation related to the shearing (A). 
B - The growth of garnet II appears to have displaced fragments of garnet I which contain 
inclusions of an earlier fabric. 
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100.91 
100.88 
100.9 
101.03 
99.09 
99.77 
100.14 
100.01 
100.25 
100.11 
100.2 
100.19 
101.19 
99.45 
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100.14 
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10.34 
100.13 
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100.32 
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99.18 
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100.29 
100.66 
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92.74 
93.16 
93.11 
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93.48 
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93.18 
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93.29 
93.6 
92.21 
92.91 
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93.18 
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93.05 
Table 5.2: Microprobe analysis of garnet and biotite from carbonaceous schist at Cosmo 
Howley (Sample 106558). C-incl. abbreviates graphite inclusions. 
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5.3 Pressure Estimates for QV3 Formation 
Because the alteration selvages of QV3 quartz veins contain the paragenesis of K-
spar+muscovite+biotite+quartz, the phengite geobarometer of Massone and Schreyer 
(1987) can be applied. The Si-content of the muscovite per formula unit (Table 5.3), 
indicates a formation pressure of 240 MPa at 490°C as the temperature of vein for-
mation (see next section). The complications of phengite barometry were discussed 
in Chapter 1. Assuming a water activity of 1.0, the 240 MPa pressure is a minimum 
estimate because of the Fe-content in the muscovite (Massonne and Schreyer, 1987). 
For a reduced water activity the estimated pressure would be too high, so that Fe-
and aH2 o-effects could cancel each other. 
93145 1 2 3 4 5 6 7 8 Average 
Si02 45.8 45.68 46.3 45.22 44.84 44.98 44.95 43.63 45.18 
Ti02 1.10 1.04 0.94 1.09 0.85 1.01 0.93 1.16 1.02 
Al203 37.04 36.67 36.84 36.56 36.33 36.25 36.43 35.24 36.42 
FeO 0.87 0.76 0.85 1.15 0.75 0.83 0.71 1.49 0.93 
MnO < < < < < < < < < 
MgO < 0.14 0.16 0.25 < 0.13 < 0.34 0.13 
CaO < < < < < < < < < 
Na20 < < < < < < < < < 
K20 9.82 9.74 10.31 10.02 9.92 9.85 10.18 9.72 9.95 
so3 < < < < < < < < < 
Total 94.63 94.03 95.41 94.29 92.69 93.05 93.21 91.57 93.61 
n 8 
Si p.f.u. 3.10 3.11 3.10 3.07 3.09 3.09 3.08 3.10 3.093 
Table 5.3: Muscovite compositions in the alteration selvage of a QV3 quartz vein (Sample 
93145). In all analysis the detection limits in wt.% are: Si0 2 = 0.07, Ti0 2 = 0.06, Alz03 , 
FeO = 0.08, MnO = 0.06, MgO = 0.07, CaO = 0.06, Na20 = 0.01, K2 0 = 0.05; S03 in 
ppm: 114. In the QV3-paragenesis of K-spar+biotite+quartz+muscovite, the average Si-
content of the muscovite indicates a formation at 240 MPa ( 490°C) using the geobarometer 
of Massonne and Schreyer (1987). 
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5.4 Arsenopyrite Geothermometry 
Arsenopyrite geothermometry has been applied to the different generations of ar-
senopyrite in the Cosmo Howley deposit using the method of Kretschmar and Scott 
(1976) and its recalibration by Sharp et al. (1985). Samples from drillcore were re-
examined for relative timing and association of the paragenesis. The latter represent 
the only noted occurrences of loellingite. The sample 93134 was also analysed for 
the lead and sulphur isotopic composition by Graham Carr and Anita Andrews at 
CSIRO, North Ryde (Sydney) so that it represents a coherent piece of information 
on the QV1 gold mineralization event. 
The arsenopyrite was analysed with the HIAF proton microprobe at CSIRO 
Sydney, the analysts being David French and John McAndrew. For a comparison, I 
analysed some of the same and other samples using the microprobe at the Research 
School of Earth Sciences, ANU (Tables 5.4, 5.5). Within the analytical uncertainty 
the results are the same. Because the original standard of Kretschmar and Scott 
(1976) is not available anymore internal standards were used in both cases. 
The results (Tables 5.4, 5.5) have been plotted using the original diagram by 
Kretschmar and Scott (1976), (Fig. 5.4). They show a wide compositional overlap 
between the different arsenopyrite generations, so that these cannot be discriminated 
by their arsenic content. 
The QV1 arsenopyrite which formed during Au-crack-seal vein growth in para-
genesis with pyrrhotite forms an array representing a temperature range from 510 
to 370°C. The temperatures of this spectrum below 490°C are inconsistent with the 
paragenetic relationship between arsenopyrite and pyrrhotite and the temperatures 
indicated by the silicate alteration assemblage. This discrepancy reduces by 15°C 
if the pressure-corrected version of the geothermometer from Sharp et al. (1985) is 
applied for a pressure of 200 MPa. 
The low arsenic contents seem to reflect alteration because of several reasons. 
Firstly, secondary pyrite appears in the QVl veins, replacing both pyrrhotite and 
arsenopyrite. Secondly, the recrystallization of all primary arsenopyrite in the QV1 
veins may have affected its content of arsenic. Thirdly, the samples 93386-93390, 
and 93428, (Table 5.4, 5.5) contain Fe-chlorite and some hematite which formed by 
supergene alteration of arsenopyrite which could have resulted in As-loss. 
The analyses from the least overprinted sample (93134), correspond to tempera-
tures closer to the range indicated by the QV1 alteration paragenesis. The discrep-
ancy decreases if the temperature re-calibration of Sharp et al. (1985) is applied for 
a pressure of 200 MPa, shifting the boundaries to slightly higher temperatures. 
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The majority of analyses of QV2/Main Pit shear-related arsenopyrite plot in the 
temperature range 370-530°C. Thus the individual measurements overlap with the 
temperatures indicated by Mn-garnet-biotite geothermometry. The average arsenic 
content of QV2/Shear arsenopyrite corresponds to a temperature of 445°C which 
corroborates the results of the Mn-garnet biotite geothermometry. 
The temperatures indicated by arsenopyrite from QV3 veins scatter widely from 
430-570°C. The QV3 arsenopyrite has the highest arsenic contents and forms a 
paragenesis with pyrite, pyrrhotite and chalcopyrite in the alteration selvage of the 
veins. The average of the variable arsenic contents corresponds to a temperature 
of 530°C which is very close to the temperature obtained from the oxygen isotope 
fractionation between quartz and muscovite in the QV3 veins. Independently, the 
paragenesis arsenopyrite+pyrrhotite+pyrite fixes the temperature of formation at 
490±15°C which is also consistent with the oxygen isotope geothermometry. Thus, 
the temperature of the fluids which formed the QV3-veins appears well constrained. 
Because the mutual overprinting relations between QV3 veins and Main Pit 
shear-related deformation suggest a broadly contemporaneous formation, the QV3 
data indicate that the temperatures obtained for the shearing via garnet-biotite 
geothermometry represent a minimum estimate. 
Arsenopyrites with loellingite cores, which occur in the vicinity of sheared QVl 
in deep drill core ( ~ 350 m sub-surface), contain elevated Co and j or Ni so that the 
geothermometer was not applied. 
In summary, the application of arsenopyrite geothermometry broadly confirms 
the temperature estimates for Main Pit Shearing which were made on the basis of 
garnet-biotite thermometry ( 410-460±20°C). It will be shown that the temperature 
obtained for the formation of QV3 veins is in good agreement with T-estimates from 
quartz/muscovite oxygen-isotopic fractionation. Individual arsenopyrite analyses do 
however show a wide scatter in arsenic content which can be explained by alteration. 
Arsenopyrite associated with QVl veins yields a temperature average which is too 
low for the paragenesis of its formation. 
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Figure 5.4: Arsenopyrite compositions plotted in the arsenopyrite geothermometer by 
Kretschmar and Scott, 1976. Abbreviations: Apy = arsenopyrite, La = loellingite, As = 
native arsenic, L = liquid arsenic, Py = pyrite, Po = pyrrhotite. 
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Sample 
Sulphide 
Paragenesis 
Timing 
106557A 
gersdorffi te 
in Apy 
? 
106558 
gersdorffi te 
? 
Association Grt-hornfels Grt-hornfels 
n 
Fe 
As 
s 
Co 
Ni 
Cu 
Zn 
Pb 
Sb 
Total 
Atom% As 
Sample 
Sulphide 
Paragenesis 
Timing 
Association 
n 
Fe 
As 
s 
Ni 
Cu 
Zn 
Sb 
Te 
Total 
Atom% As 
? 
28.1 
69.91 
1.81 
0.29 
0.73 
0.020 
< 0.001 
0.03 
0.04 
100.93 
106553 
Apy+Po 
+Ccp 
QV3 
lll 
vein-Qtz 
1 
34.3 
42.8 
22.43 
0.003 
0.339 
0.001 
0.112 
0.009 
98.59 
30.30 
? 
8.59 
44.99 
19.92 
4.65 
21.740 
< 0.001 
0.010 
< 0.001 
0.080 
99.98 
106553 
Apy+Po 
+Ccp 
QV3 
Ill 
vein-Qtz 
1 
34.3 
44.5 
20.85 
< 0.001 
0.326 
0.006 
0.013 
0.005 
100.33 
31.90 
106562B 106558 106555A 106562B 
cobaltite gersdorffite Apy+Py 
+Po 
glauco-
dote +Po 
? MP-Shear MP-Shear, ? 
Cal-vein crack, Grt 
? 
4.97 
42.35 
20.87 
26.83 
4.510 
0.050 
0.030 
< 0.001 
0.390 
106553 
Apy+Po 
+Ccp 
QV3 
Ill 
vein-Qt.z 
1 
34.3 
47.5 
17.64 
< 0.001 
0.536 
0.007 
0.010 
0.002 
35.20 
1 
20.19 
70.34 
1.01 
0.89 
7.520 
0.040 
0.020 
< 0.001 
< 0.001 
32.10 
106553 
Apy+Po 
+Ccp 
QV3 
Ill 
vein-Qtz 
1 
34.3 
45.3 
20.02 
0.014 
0.329 
0.002 
0.0276 
< 0.001 
32.80 
Py is post-
Apy+Lo 
hornfels Bt, Cal-
1 
34.41 
43.94 
20.01 
0.15 
0.020 
< 0.001 
0.010 
< 0.001 
0.040 
vem 
2 
18.83 
49.64 
15.9 
9.92 
5.840 
< 0.001 
0.020 
< 0.001 
0.190 
100.01 
106553 106557 
Apy+Po Apy+Po 
+Ccp 
QV3 QV2, MP-
Shear 
Ill 
vein-Qtz 
1 
34.3 
47.4 
17.91 
0.031 
0.321 
< 0.001 
0.0317 
0.006 
35.00 
Am ph-
hornfels 
1 
34.3 
46.7 
18.58 
0.049 
0.346 
0.007 
0.0191 
0.004 
34.30 
Table 5.4: Arsenopyrite and loellingite HIAF proton microprobe analysis. Results are 
reported in weight percent. 
Sample 
Sulphide 
Paragenesis 
Timing 
Association 
n 
Fe 
As 
s 
Co 
Ni 
Cu 
Zn 
Pb 
Sb 
Te 
Total 
Atom% As 
Sample 
Sulphide 
Paragenesis 
Timing 
Association 
n 
Fe 
As 
s 
Co 
Ni 
Cu 
Zn 
Pb 
Sb 
Total 
Atom% As 
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106561 
Apy+Po 
QV2, MP-
Shear 
Am ph-
hornfels 
2 
34.3 
43.8 
21.52 
< 
< 0.001 0.010 
0.336 
0.007 
< 
0.004 
0.032 
31.30 
2SM34-1A 
Apy, core 
QV2, MP-
Shear 
sheared 
hornfels 
5 
35.42 
42.20 
20.56 
0.07 
0.020 
< 0.001 
0.010 
< 0.001 
0.020 
98.30 
30.60 
DRCH1B 
Apy 
QV1, Os-
borne 
Lode 
m vem 
3 
34.3 
43.6 
21.72 
< 
0.012 
0.337 
0.009 
< 
0.00722 
0.019 
31.10 
93134-2A 
Apy, core 
QV1 
vem nm 
3 
34.01 
44.20 
18.67 
0.29 
0.350 
0.010 
0.010 
0.010 
0.010 
97.56 
32.91 
106562 
Apy+Po 
QV3 
Bt+cobal-
tite +Ccp 
2 
34.3 
43.8 
21.54 
< 
0.020 
0.325 
0.006 
< 
0.0133 
0.008 
31.30 
93134-2A 
Apy 
QV1 
vem nm 
4 
35.63 
43.27 
20.34 
0.10 
0.040 
0.010 
0.010 
0.030 
0.030 
99.46 
31.17 
2SM34-1A 
Apy, core 
?, recryst 
sheared 
hornfels 
7 
35.65 
42.67 
20.99 
0.06 
0.370 
0.010 
0.010 
< 0.001 
0.010 
< 
30.55 
93134-2A 
Apy, core 
QV1 
vem 
4 
35.74 
42.15 
21.08 
0.31 
0.020 
0.010 
< 0.001 
< 0.001 
0.050 
99.37 
30.14 
2SM3-1A 
Apy, rim 
QV2, MP-
Shear 
sheared 
hornfels 
6 
34.43 
45.13 
19.09 
0.24 
< 0.001 
0.010 
0.010 
0.030 
< 
33.00 
93134-2A 
Apy, rim 
QV1 
vem 
3 
34.12 
45.51 
18.88 
1.03 
0.090 
< 0.001 
0.010 
< 0.001 
0.030 
99.56 
33.21 
176 
Table 5.5: Arsenopyrite and loellingite HIAF proton microprobe analysis. Results are 
reported in weight percent. 
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5.5 fs 2 , fo 2 , and pH during Gold-Deposition 
The temperature and pressure constraints on the precipitation of the different gen-
erations of sulphides can be used to determine sulphur- and oxygen fugacities during 
their formation. For the salinities described in Chapter 1, the potassic-silicate al-
teration assemblage of QV1 veins permits an estimation of the fluid pH during 
gold precipitation. This is done under the proviso that conditions during sulphide 
precipitation were the same as during gold deposition as indicated by the partial 
co-precipitation of these ores. 
For the interpretation of fs 2 , the pressure-corrected version of the calibration by 
Kretschmar and Scott (1976, Fig. 5.5) from Sharp et al. (1985) was employed. It 
will be shown that values abtained with this method are lower by about 1/2 to one 
log unit compared to the fs 2 value calculated for the mineralizing fluid in Chapter 1. 
The sulphur fugacity at the site of gold deposition in-, and adjacent to the QV1 
veins ranges between 10-2 ·5 and 10-2 ·0 for vein formation at temperatures between 
550 and 620°C, respectively (Fig. 5.5). 
Simplistic sulphur fugacity estimates for the QV2/Main Pit Shear depositional 
environment via the calibration (Fig. 5.5), differ for the assemblages observed in the 
open pits and those in drillcore. For both environments a temperature range between 
410-460°C has been used. In the open pit, the paragenesis arsenopyrite+pyrite is 
indicative of an fs 2 between 10-4 ·7 to 10-4 ·0 . In drillcore below 350 m pyrite is 
absent and arsenopyrite forms a paragenesis with loellingite and pyrrhotite. This 
paragenesis indicates an fs 2 between 10-8 ·6 and 10-5 ·5 (Fig. 5.5). To mention one 
possible cause, the apparent discrepancy between the conditions at the level of the 
pit and at depth may be explained by a higher activity of arsenic at depth which is 
not accounted for in the calibration. 
The fs2 during QV3 vein deposition is constrained by the invariant point at which 
arsenopyrite coexists with pyrrhotite and pyrite (Fig. 5.5). The corresponding fs 2 
value is 10-3 ·5 . 
In Chapter 1, a calculation of the sulphur fugacity in the mineralizing and/or 
metamorphic fluid in the Centra.! Pine Creek Inlier was presented (Fig. 1.14). This 
estimate was based on the equilibrium annite + S2 = pyrrhotite+ K-spar + H20 for 
an ideal activity of annite in biotite (e.g., Hoisch, 1990) and is therefore applicable 
on the assemblage in the altered selvages of the QV1 veins. 
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Figure 5.5: Constraints on the sulphur fugacity in the site of sulphide and gold deposition. 
On the left sulphur fugacity values suggested by Kretschmar & Scott (1976) are given. 
On the right the pressure corrected sulphur fugacity scale of Sharp et al. (1985) has 
been added giving the values for 200 MPa. Thermodynamic calculations indicate that 
arsenopyrite can be stabilized only at log fs 2 :::; 1.6at550°C, 200 MPa (see text). 
With this constraint, an fo 2 versus pH diagram of the sulphide phase relations 
has been calculated for 550°C, 200 MPa. At the calculated log fs 2 of -0.35, which 
is significantly higher than that suggested via the phase diagram (Fig. 5.5), ar-
senopyrite is stable in paragenesis with pyrrhotite so that the field observations are 
satisfied. 
Because of the uncertainty regarding the salinity of the mineralizing fluid ob-
tained from the Cl-concentration in biotite (total molal Cl 2: 1-4, cf., Chapter 1), 
three pH values are indicated in the phase diagram (Fig. 5.6) representing equilib-
ria in the assemblage I<-spar+andalusite+a.lbite+biotite in the presence of 1-, 3-, 
and 5 mole KCl+NaCl+HCl (d., Sverjensky et al., 1991). This system is assumed 
to closely resemble the conditions during gold precipitation at Cosmo Howley and 
elsewhere in the Pine Creek Gold Deposits. 
GOLD DEPOSITION AT COSMO HOWLEY 179 
The phase diagram (Fig. 5.6) illustrates that for the calculated log fs2 of -0.35, the 
paragenesis of arsenopyrite+pyrrhotite is stable only in a narrow fo 2 range between 
10-22 ·5 and 10-20 which is independent from the salinity. The salinity fixes the pH at 
550°C, 200 MPa to slightly acid values ( 4.3-4. 7) in the presence of the assemblage K-
spar+quartz+biotite+andalusite. Arsenopyrite+pyrrhotite stability is not affected 
by water activity, but lowering the water activity by introduction of C02 + CH4 will 
decrease the stability region of biotite, which results in a decrease in pH. 
If one assumes, that arsenopyrite, and pyrrhotite were co-precipitated with gold 
at the determined log fs 2 of -0.35 in the fluid and while the pH of the system 
was buffered by K-spar+biotite+andalusite+quartz, then the fo2 at the site of gold 
deposition was close to the maximum stability of graphite ( cf., Fig. 1.11, Chapter 1 ). 
This indicates that the system was buffered by fluids from the carbonaceous slates. 
These fluids must have migrated through the mineralized hornfels and biotitic slate 
in the footwall of the carbonaceous horizons ( cf., Chapter 4). 
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Figure 5.6: Ph vs. fo 2 diagrams reflecting potential conditions during gold deposition. 
550°C, 200 MPa, fs2 = 10-0 ·35 . pH is indicated for the range of salinities 1, 3 and 5 molal 
NaCl+KCl. Thermodynamic data for the arsenic minerals and aqueous species of arsenic 
from Barton ( 1969) and Heinrich and Ea.dington ( 1986). The molar volumes of the arsenic 
minerals were taken from Sharp et a.l. ( 1985). 
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5.6 Stable Isotope Constraints on Vein Forma-
tion Temperature, Fluid Composition, and 
Fluid Derivation 
Stable isotope data collected on samples from Cosmo Howley provide additional 
constraints on the temperature during QV2 and QV3 vein deposition. Fluid sources 
can be discussed on the basis of oxygen isotopic constraints on the composition of 
the fluid which passed through Cosmo Howley with time. In this context additional 
sulphur isotope and lead isotope data are employed. 
Samples of quartz veins, sulphides, and alteration products were taken prior 
to and after the structural timing relationships of the quartz vein sets had been 
established by my work. They were analysed by Anita Andrews and Graham Carr 
at CSIRO, Division of Exploration Geoscience, North Ryde, Sydney. Of the large 
number of analysed samples only those are discussed here which stem from my 
sampling or for which the timing of formation could be established unequivocally 
from the sample description (Tables 5.6-5.8). 
5.6.1 Oxygen Isotope Geothermometry and Fluid Compo-
sition 
For the QV2 veins, as well as for the QV3 quartz veins, oxygen isotopic fractionation 
between quartz-carbonate and quartz-muscovite was used, respectively, to determine 
their formation temperature (Table 5.8). In the absence of better samples, the frac-
tionation between average QV2 vein quartz and dolomite and ankerite in carbonate 
cataclasites from the Main Pit Shear was employed to obtain a temperature. The 
dolomite and ankerite had the same oxygen isotope composition. The measured 
quartz/carbonate fractionation indicates a temperature of formation of 476±10°C 
(Table 5.9), which overlaps with the upper end of the temperature estimates made 
by Mn-garnet-biotite geothermometry. 
Muscovite and quartz from a number of QV3 veins has been sampled in the open 
pit (Table 5. 7), so that an average muscovite-quartz fractionation could be obtained. 
Using the calibration of Bottinga and Javoy (1975), this average indicates vein 
formation at 496±10°C which is in excellent agreement with the temperature fixed 
by the univariant equilibrium between pyrite + pyrrhotite + arsenopyrite ( 491 °C, 
Kretschmar and Scott, 1976). 
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Quartz-K-feldspar fractionation in the QV3 veins is uninterpretable, because the 
K-feldspar has been reset to heavier values than the vein quartz. Carbonate in QV 4 
and QV5 veins is also heavier than the quartz which may suggest disequilibrium 
formation. Therefore no temperature could be obtained. 
The oxygen-isotopic composition of the vein-forming fluid has been calculated 
from the 180-fractionation between quartz and water at the temperature of vein for-
mation, assuming isotopic equilibrium between water and vein quartz (Table 5.9). 
In the case of QV2 and QV3 veins the temperatures from above were used in this 
calculation. For the QV1 veins, the minimum temperature indicated by the alter-
ation assemblage was used (i.e. 550°C). 
These calculations indicate a 8180 of 13.6 per mil for the fluid which precipitated 
the QV1 veins. This value is distinctly heavier than that calculated for the fluids 
(~12.2 per mil) from which the QV2 and QV3 veins were precipitated. The fluid 
which precipitated QV3 veins was isotopically still lighter (11.8 per mil 8180) than 
QV2 vein fluid. The fluid 51 8 0 for the QV5 is lower than 8.0 per mil, assuming a 
formation temperature of less than 250°C as suggested by the occurrence of marca-
site. Thus this fluid could have been of meteoric origin. 
The implications of the isotopic compositions of the vein-forming fluids for their 
source are discussed under consideration of the regional geologic constraints on the 
ore-forming system which were described in the previous chapters. Thus, it was 
shown that biotite in the alteration selvages of the gold-bearing quartz veins in 
most gold deposits in the central Pine Creek Inlier, including Cosmo Howley, is 
rich in fluorine and that this indicates the involvement of magmatically derived 
fluid in ore-genesis. At Cosmo Howley this observation is ambiguous, because of 
the strong hydrothermal and deformational overprint on the QVl veins, but at the 
larger Enterprise mine (Fig. 1.1, Chapter 1), mineralization is well-preserved and 
fluorine contents of biotite reach up to 1.5 wt.% (Appendix A). Furthermore, the mu-
tual cross-cutting relationship between the gold veins, aplite dykes, and pegmatites 
in the district suggest that the release of magmatic fluid should have coincided 
with Au-vein formation on a regiona.l scale and that this fluid should have been 
focused through the gold deposits, because of their location in the roof of the Cullen 
Batholith. 
On the other hand, the oxygen-isotopic composition of the host rock sequence at 
Cosmo Howley needs to be considered. As this sequence consists predominantly of 
shales which were deposited in an epicontinental deltaic environment (Matthai and 
Henley, in prep.), its isotopic composition may have been similar to that of shales 
which formed in comparable setting in the coastal plain of Texas (Yeh and Savin, 
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Figure 5. 7: Typical D /H and oxygen isotopic compositions of fluids of different derivation 
(adapted from Sheppard, 1986). 
1977). The 8180 of silicate fraction in these sediments ranges between 18.3 to 20.3 
per mil and occasional carbonates are still heavier. A similar isotopic signature is 
indicated by the composition of undeformed chert nodules and chert beds at Cosmo 
Howley which range up to 18.5 per mil (Table 5.8). 
A fluid at a temperature of 550°C has a P 8 0 of 16.6 in equilibrium with a 
shale/chert at 18.5 per mil. (Table 5.9, quartz/water fractionation of Matsuhisa et 
al., 1979). This high value exceeds that calculated for the QV1 fluid by 3 per mil. 
Firstly, this suggests that the fluid which formed these veins was not in equilibrium 
with the chert which locally accounts for 40-60 Vol.% of the hornfels (Chapter 
2). Secondly, the comparison from above may suggest that the fluid was not in 
equilibrium with the metapelitic sequence. 
This is supported also by the consideration that decarbonation of the diage-
netic dolomite in the carbonaceous slate would have led to a. heavy fluid signature 
above that of the chert, because diagenetic dolomite in carbonaceous slates varies in 
8180 between 24-30 per mil (Parry et al., 1970) and the 8180-fractionation between 
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dolomite and water is only about 3.2 per mil at 550°C (Northrop and Clayton, 1966). 
This discussion shows that an input of 8180 poor fluid is required to explain the 
oxygen isotopic signatures of the QV1 veins. This applies more strongly to the even 
lighter fluids indicated by the isotopic compositions of the QV2- and QV3 veins. A 
fluid from a felsic !-type magma would have the desired effect (Fig. 5. 7). 
By direct comparison, the estimate on the mineralizing fluid at Cosmo Howley 
(Table 5.9) is more that 5 per mil heavier than expected for a pristine magmatic 
fluid (Sheppard et al., 1969) suggesting significant dilution with metasedimentary 
(metamorphic) fluid or reaction with the metasediments. To a lesser degree this 
applies to the fluid precipitating the QV2, QV3, for which a magmatic source was 
already discussed. Because of the inferred involvement of magmatic fluid in the 
mineralization process binary mixing between this fluid and a metamorphic fluid in 
equilibrium with the metapelite/chert at 500°C could be employed to explain the 
observed 8180 values (Fig. 5.8). 500°C is chosen as a rough average of the formation 
temperatures of the vein generations QV1 to QV3. In this simplistic mixing model, 
180-input from decarbonation of heavy carbonate would shift the fluid mixing ratios 
used to explain the oxygen isotope composition of fluid towards larger proportions 
of magmatic fluid. 
Figure 5.8 shows that increasingly larger quantities of magmatic fluid would 
have been required in the evolution from QVl to QV3 veins if their oxygen isotopic 
composition had been controlled entirely by the binary interaction between metased-
iments/metamorphic fluids and magmatic fluid. Although this mixing model is ex-
tremely simplistic it explains the trend in the isotopic composition of the fluid from 
QV1 to QV3 stage of veining. This comprises the decrease in 8180 in the successive 
vein generations which occurs in spite of the decrease in formation temperature. 
Because an increasing involvement of magmatic fluid with time is also consistent 
with the late intrusion of felsic dykes at Cosmo Howley, the pegmatitic nature of 
the QV3 veins, the associated greiseniza.tion, and the high Mn-content in garnet 
II, the mixing model appears to capture an important implication of the oxygen 
isotopic data.. 
Importantly, the most deformed chert nodules in the Main Pit Shear were also 
the ones with the lowest 8180 values (Table 5.8) similar to those of QV2 veins. This 
is clear-cut evidence, that the magmatic/metamorphic fluids which infiltrated the 
deposit from below altered the isotopic composition of the host rocks. 
A magmatic source of the QV3 vein fluids is consistent also with aD jH ratio of-
39 per mil (SMOW) which can be calculated from the hydrogen isotopic composition 
of muscovite from these veins (Table 5. 7). This value is based on the hydrogen/water 
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Figure 5.8: Binary mixing between a magmatic and a metasediment derived fluid at 
500°C. The 6180 of the magmatic fluid is taken as 9 per mil (Sheppard, 1984), and that 
of the metasedimentary as 16.6 per mil. The latter value assumes fluid equilibration with 
the chert/metapelite at Cosmo Howly. Indications for the involvement of a magmatic fluid 
in vein formation are discussed in the text. 
fractionation factors of Suzuoki and Epstein ( 1976) and plots at the upper right 
corner of the magmatic water box (Fig. 5. 7). 
In summary, the temperatures obtained from oxygen isotope fractionation pairs 
are in good agreement with those obtained from the other geothermometers. The 
Au-mineralizing fluid was distinctly heavy as expected for partial high-temperature 
equilibration with isotopically heavy sediments, especially if decarbonation was in-
volved. An increasingly lighter 180 fluid composition in spite of a slight decrease in 
temperature is reflected in the succession QV1-QV3. This trend is consistent with 
an increase with time of the proportion of magmatic fluid relative to metamorphic 
fluid which migrated through the rocks at Cosmo Howley during deposition of QVl 
to QV3 veins. 
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Identifier Mineral/Timing Association 8180 P3c 834S 
93126 quartz / QV1 bedd-conc. CSV 15.1 
93127 arsenopyrite / QV1 wallrock in QV1 4.8 
93134 quartz / QV1 crack-seal vein 15.5 
93134-1 quartz/ QV1 crack-seal vein 16.1 
93134-1-3 arsenopyrite / QV1 CS-layer in vein 5.8 
93141 quartz / QV1 crack-seal + Au 14.5 
93388-1 quartz/ QV1 crack-seal + Au 16.0 
93388-2 quartz / QV1 crack-seal + Au 15.3 
93388-2 quartz/ QV1 crack-seal + Au 16.0 
93388-3 quartz / QV1 crack-seal + Au 16.1 
93388-4 quartz/ QV1 crack-seal + Au 15.8 
93388.5 quartz/ QV1 margin crack-seal 13.1 
93149 arsenopyrite / QV1 vein selvage 6.3 
3SMR84 quartz / QV1 bedd. cone. 16.0 
106567 quartz/ QV1 cordierite, late calcite 15.7 
106557 arsenopyrite/ QV1 deformed by MP-Shear 7.2 
DRCH1A arsenopyrite / QV1 vein selvage 3.3 
DRCH1A arsenopyrite / QV1 m vem 3.6 
DRCH1A quartz/ QV1 vem 15.6 
DRCH1A quartz/ QV1 vein 15.8 
DRCH1A quartz/ QV1 vem 15.8 
DRCH1A quartz / QVI vem 15.6 
DRCH1B arsenopyrite / QV1 altered, deformed 4.3 
DRCH1B arsenopyrite / QV1 altered, deformed 4.3 
DRCH1B quartz/ QVl altered, deformed 15.5 
DRCHlB quartz/ QV1 altered, deformed 15.5 
DRCH2 arsenopyrite / QV1 altered, deformed 3.9 
DRCH2 arsenopyrite / QV1 altered by MP-Sh. 3.9 
DRCH4 arsenopyrite/ QV1 altered by MP-Sh. 3.7 
DRCH4 quartz/ QV1 altered by MP-Sh. 15.7 
DRCH4 quartz/ QV1 altered by MP-Sh. 15.7 
marble dolomite / pre QV2 Phantom Thrust 11.0 -3 
SM77 pyrite / MP-Shear in carb. slate 2.2 
93364 quartz/ QV2 fract. retrogressed 16.5 
93114 arsenopyrite/MP-Sh. 4.6 
3SM14 quartz/ QV2 in dolerite 14.7 
3SM94 quartz /QV2 vem 15.1 
3SM100 arsenopyrite /M P-sh. vugh-fill 4.1 
93211 quartz/ QV2 su bvertical vein 14.3 
93211 quartz/ QV2 subvertical vein 13.4 
93211 quartz/ QV2 vem 13.4 
93211 quartz/ QV2 vein 14.3 
93211 quartz/ QV2 vein 15.3 
93211 quartz/ QV2 vem 15.6 
93211 quartz/ QV2 vem 15.3 
93212 pyrite/ QV2 vein selvage 2.5 
93212 pyrite/ QV2 vein selvage 2.5 
Table 5.6: <5 180, b'34 S, and P 3 C values of selected samples, QV1-QV2. The standards 
are VSMOW and VPDB, and CDT, respectively. CSV = crack-seal vein. 
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Identifier Mineral/Timing Association 8180 813C 834S 
93213 arsenopyrite / QV2 bedd. cone. lam. 4.8 
93213 arsenopyrite / QV2 bedd. cone. lam. 4.8 
DRCH2 pyrite / MP-Shear after QV1 pojaspy 1.7 
DRCH2 pyrite / QV2-4 after aspy jpo 1.7 
DRCH4 arsenopyrite/MP-Sh. retrogressed 3.7 
DRCH5 arsenopyritejMP-Sh. in carb. slate 4.6 
DRCH5 pyrite / QV2-4 replacing aspy 3.3 
DRCH5 arsenopyrite/MP-Sh. in carb. slate 4.6 
DRCH5(imp) pyrite / MP-Shear in carb. slate 3.3 
106551 pyrite / MP-Shear 1.6 
106553 pyrrhotite/MP-Shear catablastic 0.4 
106553 pyrrhotite/MP-Shear catablastic 0.7 
106553 pyrite / MP-Shear retrogression 0.4 
106553 quartz / QV2 14.8 
106553 quartz /QV2 14.8 
106561 arsenopyrite / QV2 MP-Shear blast 1.2 
106562 ankerite / MP-Shear altered dolerite 12.6 -6.9 
106562 arsenopyrite/MP-Sh. dissem. in carbonate 5.5 
106562 dolomite / MP-Shear altered dolerite 12.6 -6.9 
106565 pyrite / MP-Shear vugh fill -0.3 
106567 pyrite / MP-Shear 0.6 
106568 quartz / QV2 ? 14.7 
106568 quartz / QV2 ? 14.7 
Cosmo dolomite dolomite / QV2 hydroth. breccia 12.1 -3 
93376 quartz/ QV3 tension gash 13.5 
93376 quartz / QV3 tension gash 14.4 
93378 quartz / QV3 tension gash 13.7 
93380 K-feldspar / QV3 subv. clear vein 14.5 
93380 quartz / QV3 subv. clear vein 14.1 
93380 quartz / QV3 subv. clear vein 14.2 
93380 quartz / QV3 su bv. clear vein 13.4 
93215 muscovite / QV3 pegmatitic vein 10.8 
93215 muscovite/ QV3 pegmatitic vein 11.0 
93215 quartz / QV3 pegmatitic vein 13.5 
93215 quartz / QV3 pegmatitic vein 14.5 
93215 muscovite / QV3 pegmatit.ic vein 10.8 
93215 muscovite / QV3 pegmatitic vein 11.0 
93215 quartz / QV3 pegmatit.ic vein 13.5 
93215 quartz / QV3 pegmatitic vein 14.5 
93215 quartz / QV3 pegmatitic vein 15.1 
93215 quartz / QV3 pegmatitic vein 15.5 
106554 pyritejsyn-post QV 4 retrogression 0.8 
106554 quartz / QV4 crack-seal vein 15.0 
106554 quartz / QV4 across shear 15.2 
106554 quartz / QV4 fabric 15.2 
106554 quartz / QV4 15 
106554 siderite/ QV4 band in CSV 16.7 -5.7 
Table 5. 7: P 80, b34 S, and b13C values of selected samples, QV2-QV 4. The standards are 
VSMOW and VPDB, and CDT, respectively. The D/H ratio of QV3-muscovite (Sample 
93376) is -58 per mil (VSMO\V). CSV = crack-seal vein. 
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Identifier Mineral/Timing Association 6180 pac 6a4s 
106554 siderite / QV 4 band in CSV 16.7 -5.7 
106557 ankerite / QV4 band in CSV 17.1 -4.9 
106557 calcite / QV 4 vem 17.1 -4.9 
106557 siderite/ QV4 retrogression 17.3 -5 
106557 siderite / QV 4 retrogression 17.3 -5 
106559 calcite / QV4 vem across 15.0 -4.8 
106559 calcite / QV 4 shear fabric 15.0 -4.8 
106560 pyrite / QV4 retrogression 1.7 
106563 carbonate/ QV4 post actinolite 21.6 -15.2 
106563 siderite/ QV4 post actinolite 21.6 -15.2 
106563 siderite / QV 4 post actinolite 21.9 -15.8 
106563 siderite / QV 4 post actinolite 21.9 -15.8 
93133 calcite / QV5 columnar crystals 20.5 -13.4 
93133 quartz/ QV5 milky vein 17.3 
93133 quartz/ QV5 euhedr. cryst. 17.7 
93424 quartz / QV5 milky vein 16.5 
93424 quartz/ QV5 milky vein 16.2 
3SM16 recryst. chert diagenetic nodule FSZ 12.8 
3SM101 recryst. chert diagenetic nodule 15.2 
93367 recryst. chert bedd. cone. layer 15.5 
93369 recryst. chert diagenetic nodule 18.1 
106557 recryst. chert diag. nodule,sheared 14.9 
106557 recryst. chert diagenetic nodule 18.5 
106557 recryst. chert diag. nodule,sheared 14.9 
106557 recryst. chert diagenetic nodule 18.5 
106558 recryst. chert diag. nodule,sheared 14.5 
106558 recryst. chert diag. nodule,sheared 14.5 
106563 carbonaceous matter metasediment -24.1 
106565 carbonaceous matter metasediment -28.7 
106567 carbonaceous matter carb. slate -29.7 
106563 quartz / ? 15.4 
106563 quartz / ? 15.7 
106563 quartz / ? 15.4 
106563 quartz / ? 15.7 
Table 5.8: 15180, o34S, and P 3 C values of selected samples, QV 4-QV5, and chert nodules. 
The standards are VSMOW and VPDB, and CDT, respectively. Analytical precision ±0.1 
per mil. CSV = crack-seal vein. FSZ = Fenton Shear Zone, 12 km southwest of Cosmo 
Howley. 
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Fractionation Pair Timing/ Assoe, 
quartz-water QV1, mean 
quartz-water QV1, mean 
quartz-ankerite MP-Sh. av.qtz/ank. 
quartz-dolomite MP-Sh. av.qtz/dol. 
quartz-muscovite QV3, av. frac. 
quartz-siderite QV4, single vein 
quartz-ankerite QV4, single vein 
quaTtz-calcite QV4, single vein 
quartz-water QV4 
quartz-calcite QV5 vughs 
quartz-water QV5 
aver. meas. 
15.5 
15.5 
2.2 
2.2 
3.2 
-1.7 
-2.1 
-2.1 
15.1 
-2.8 
16.9 
calc. calc. geoth. fluid 
1.9 
1.7 
476 
476 
496 
550 13.6 (1) 
570 13.8 (1) 
12.2 (2) 
12.2 (2) 
11.8 (3) 
250 8 (4) 
Table 5.9: Stable isotope fractionation between co-genetic minerals. Abbreviations: .6.18 0 
= fractionation between the fractionation pairs, either as observed by measurement (meas.) 
or as calculated (calc.) using the fractionation factor published in "Ref." and the tem-
perature determined by geothermometry (T°C geoth. ). 8180 fluid = calculated isotopic 
composition of the fluid from which the veins were formed. References: (1) Matsuhisa et 
al., 1979; (2) Matthews et al., 1983b; (3) Bottinga and .Javoy, 1975, (4) Clayton et al., 
1972. The negative fractionation values ( .6.180) indicate disequilibrium or resetting. They 
were not interpreted further. 
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5.6.2 Sulphur Isotopes 
Samples of arsenopyrite from QV1 Au-veins, and arsenopyrite, pyrrhotite and pyrite 
from QV2 veins in the Main Pit shear, were analysed for their sulphur isotopic 
composition by Anita Andrews, CSIRO, North Ryde Sydney (Table 5.6-5.8). Her 
results show that QV1-arsenopyrite is distinctly heavier than arsenopyrite in QV2 
and sulphide lenses in the Main Pit Shear (±6.0 vs. ±1.2 per mil 834S). Because 
the fluid from which arsenopyrite precipitated in the paragenesis with pyrrhotite 
must have been dominated by H2S ( cf., Fig. 1.14, Chapter 1), the sulphur isotopic 
composition of the fluid can be calculated. For this purpose the calibration for 
H2S-pyrite fractionation by Ohmoto and Rye (1979) was applied, because published 
analyses on pyrite-arsenopyrite paragenesis suggest that there is no 34S-fractionation 
between these minerals (Kelly and Rye, 1974). The latter is corroborated by analyses 
of cogenetic pyrite/ arsenopyrite from Cosmo Howley (Table 5.7, Main Pit Shear). 
For the heaviest QV1-arsenopyrite one obtains a fluid 834S of 6.6 per mil (550°C, 
6.5 for 500°C). A fluid in equilibrium with the lightest QV1 arsenopyrite would 
have had a 834 S of 5.1 (550°C). For the Main Pit Shear and the QV2 veins pyrites 
have been analysed for which a fluid composition of 0.0-1.5 can be calculated. This 
value is controlled mainly by the compositiona.l range of the pyrites and not by 
the uncertainty in the temperature estimate because the pyrite-H 2S fractionation 
factor for 500°C differs little from that at 450°C. At temperatures above 450°C the 
fractionation between H2S and HS- is smaller than -0.7 (Ohmoto and Rye, 1979) so 
that the estimates for the fluid composition using H2S are close, providing sulphide-
fluid equilibrium was obtained and the measured values were not altered during the 
complex cooling history. 
Essentially two scenarios can be envisaged to have caused the heavy sulphur iso-
topic signature of the Au-minera.lizing fluid. In the first, the 34 S-rich composition of 
the mineralizing fluid (QV1) is explained by fluid derivation from anI-type granitoid 
magma (Sasaki and Ishihara, 1979). At a high fo 2 in the melt the partioning of sig-
nificant amounts of S0 2 and sulphate into the first fluid batch which is released after 
water saturation, could fractionate heavy sulphur from the magma very effectively. 
Wholesale desulphidation of this fluid by the precipitation of sulphides via reduction 
with carbonaceous matter would capture this 834 5-rich fluid signature. Ohmoto and 
Rye (1979) found that sulphur isotopic compositions of magmatic fluids from I-type 
magmas with S02 > H2S can be 3 to 5 per mil heavier than those of magmatic 
sulphides crystallized from the melt. A high fo 2 in the crystallizing McMinns Bluff 
south of Cosmo Howley has been discussed in Chapter 1. 
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The second process which could have led to a fluid dominated by heavy sulphur is 
desulphidation of diagenitic pyrite. This process could have induced a heavy sulphur 
isotopic composition of a metamorphic fluid via the reaction: 
pyrite;::::: pyrrhotite + 1/2 s2, aq 
At low temperatures this reaction leads to the formation of isotopically lighter 
pyrrhotite at the expense of 834S-rich diagenetic pyrite. The heavy sulphur becomes 
enriched in the fluid. However, the 34S-fractionation between the two sulphides is 
very small (0.66, 0.5 per mil at 400, 500°C, respectively, Ohmoto and Rye, 1979). 
Because the typical sulphur isotopic range of pyrite from Australian black shales of 
the Precambrian is only 0.0-2.0 per mil (Donnelly, 1988) it seems questionable that 
a fluid of 6.6 per mil could have been generated by this process. 
Furthermore, large amounts of diagenetic pyrite have to be transformed into 
pyrrhotite to generate a log fS 2 of -0.35 as constrained for the hot mineralizing fluid. 
Comparing the likelihood of the two scenarios, the first in which the heavy sul-
phur is provided by complete reduction of an oxidizing, early magmatic fluid appears 
to be more likely and perhaps the only process by which 34S-values above 6.6 per mil 
in the fluid can be explained at. the high temperature of QVl vein formation. There 
is also no evidence for significant amounts of primary sulphates in the sediments in 
the near vicinity of Cosmo Howley (Mat thai and Henley, in prep.). 
The sulphur isotopic signature of sulphide from the Main Pit Shear and QV2/3 
(around 0 per mil) can also be interpreted as magmatic. This would find support 
in the pegmatitic nature of the QV3 veins, the greisenization, the saline fluid inclu-
sions in the QV3 veins and so forth. In favour of this interpretation is also the large 
quantity of sulphur which was introduced in the Cosmo Howley deposit as sulphide 
lenses along the Main Pit shear. This strong enrichment on a regional scale is dif-
ficult to explain by metamorphic processes in the generally sulphide-poor host rock 
sequence. If a predominantly magmatic derivation of the sulphur is assumed, then 
the decrease in 834S from QVl to QV3 stage could reflect the initial 34S enrichment 
in the early magmatic fluid which becomes attenuated with time as more and more 
sulphur is removed from the melt. 
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5.6.3 Ph-Isotope Constraints on the Source and Age of 
Mineralization 
The source of lead, the absolute age of the sulphides, and the late Pb/Zn mineraliza-
tion was the scope of a study on Ph-isotopes. This analytical work established the 
isotope composition of lead from Cosmo Howley sulphides and alkali-feldspar from 
several granite stocks of the Cullen Batholith and was conducted by Graham Carr 
from CSIRO North Ryde (CSIRO Div. Explor. Geoscience, restr. report 111R). 
The suite of samples from Cosmo Howley consists mainly of pyrite, arsenopyrite, 
and pyrrhotite from the Main Pit Shear, but arsenopyrite from QV1, and galena 
from QV5 were analysed as well. Table 5.10 shows the isotopic compositions of the 
samples. 
Major conclusions from this study were (CSIRO Div. Explor. Geoscience, restr. 
report 111R, p. 64; Mat thai et al., in prep.): 
• Stacey and Kramer (1975) model ages ofthe QV1 and some of the QV2 sulphides are 
consistent with a formation during contact metamorphism caused by the intrusion 
of the Cullen Batholith. 
• The majority of sulphides from the Main Pit Shear plot on an isochron with a slope 
of 0.10887±0.00146 which is indicative of a Ph/Ph-age of 1780±50 Ma (Mean plus 
2 standard deviations). 
• The model- and isochron-ages of all the sulphides are much younger than the Koolpin 
Formation (Needham et al., 1988) so that a syn-sedimentary origin of the latter can 
be ruled out. 
• The QV1-arsenopyrite is distinct from the Main Pit Shear sulphides both in its 
207 Pbj2°4Pb-ratios and the 206 Phj 204 Ph-ratios which are indicative of a higher frac-
tion of radiogenic lead. 
• The variable Th/U ratios of the QV1 and QV2 veins and Main Pit Shear sulphides 
are consistent with a derivation of Pb from the immediate host rocks, with Th/U = 
3.8 for Main Pit Shear sulfide in non-carbonaceous slates and Th/U = 1.1 for Main 
Pit Shear sulfide from the carbonaceous slate. 
• Because of its initial ratio (Table 5.10) the galena from QV5 veins must have crys-
tallized much later than the shear-related sulphides. 
Regarding the second last conclusion, Bates and Strahl (1958) and Binns et 
al. (1980) have shown that there is a strong correlation between organic C and 
U content, with the result that carbonaceous slate has generally low (:::; l.O)Th/U 
ratios. 
With respect to the last conclusion, the Pb-isotope composition of large amounts 
of common lead derived from QV5-galena indicates a model age of 1565 Ma (Stacey 
and Kramers, 1975) or 1600 Ma (modified Stacey and Kramers model). The modified 
Stacey and Kramers model is an adaptation to Archean and Proterozoic rocks in 
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Australia (Carr, 1993, pers. comm. ). The Ph-isotope composition of the galena plots 
on the concordia and even if an uncertainty of ±100 Ma for this age is assumed, 
the results indicate that QV5 vein formation was a separate event which occurred 
approximately 200 Ma after the last members of the Cullen Batholith were emplaced 
( cf., Stuart-Smith and Page, 1993). 
The evaluation of the interpretation of the Ph-isotopic data on the vein sulphide 
seems extremely difficult. This is firstly because their Ph-content was very low 
(Table 5.10) so that small additions of U to the sulphides after their formation 
could have led to a strong modification of their 206/204 ratio. In this context it 
is important to recognise that uranium mineralization formed in the region in the 
late Proterozoic. Additiona.lly, the Ph-isotopic composition of the sulphides could 
have been altered during weathering in the subsurface, because uranium is highly 
mobile in supergene solutions and supergene hematite was present in some of the 
samples. Nevertheless, the lead retrieved from the different vein generations has 
distinct compositions (Fig. 5.9). 
The vein generations form well defined populations both in the 207Pbj2°4Pb 
versus 206Pb/204 Pb plot (Fig. 5.9 A) and in the 208Pbj2°4Pb versus 206Pb/204Pb 
diagram (Fig. 5.9 B). In the 207Pbj2°4Pb versus 206Pbj2°4Pb plot (Fig. 5.9A) all 
the investigated QV1-QV3 samples plot on a line together with the feldspars which 
could be interpreted as single stage growth curve. This would suggest that all the 
lead including that in the granites had the same p-value reflecting a common source 
which would be consistent with a Ph-derivation for QV1-QV3 sulphides from the 
granite. In this interpretation, the variation in 206Pb/204 Pb-ratios would reflect 
different initial U-contents in the samples. This is consistent with the fact that 
the feldspars which are expected to incorporate insignificant amounts of uranium 
during formation have the least radiogenic 206 Pbj2°4Pb-ratios. The conclusion of the 
CSIRO-study that QVl lead is more radiogenic is ruled out, because QV2-sulphide 
have both higher and lower 208Pb/204 Pb-ratios. 
Considering a derivation of Pb from the Cullen granites, in the 208Pbj204 Pb-
206Pb/204Pb diagram (Fig. 5.9 B), the QV1-QV3 sulphides fall off the trend defined 
by the feldspars. This could be caused by a younger age, by significant initial 
U-contents or by alteration. The Ma.in Pit Shear sulphides fall into two arrays 
representing hornfels and carbonaceous slate derived samples, respectively. This is 
strong support for the conclusion that lead was derived from the host sediments 
( CSIRO-study) and suggests that there was no external lead source. Consistent 
with their derivation from hornfels, the QVl-sulphides have higher 208Pbj2°4Pb-
ratios than sulphide samples from the carbonaceous slate. Note that QV1-sulphides 
were sampled mainly from the a.ltered host rock adjacent to the QVl-veins, because 
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of the small quantities of arsenopyrite in the vein quartz. 
In summary, the Ph-isotope ratios vary as a function of host-rock type but syn-
sedimentary sulphide formation can be ruled out, because sulphide-model ages are 
100-400 Ma younger than the sediments. This indicates epigenetic mineralization, 
but suggests derivation from the host sediments of the Ph in the sulphides from 
the gold veins (QVl) and the Main Pit Shear. A magmatic Ph-source is neither 
corroborated nor ruled out by the comparison of the Ph-isotopic composition of 
granite-derived K-spar with vein sulphides. 
Most of the Ph-isotope study was conducted prior to the characterization of 
the gold veins by this PhD-research. On the basis of the regional recognition of 
K-spar in the alteration selvages of less altered Au-veins, K-spar produced during 
hydrothermal alteration would seem to be a better mineral than pyrite, pyrrhotite 
or arsenopyrite, to establish the Ph-source for common lead precipitated during gold 
deposition. 
GOLD DEPOSITION AT COSMO HOWLEY 195 
Sample Mineral 206/20 207/204 208/204 Pb(ppm) 
QVl 
93127 Apy 18.778 15.752 37.873 6 
93134 Apy 19.221 15.778 37.711 38 
93149 Apy 19.554 15.837 38.166 8 
QV2-3-, and Shear Sulphides 
106557 Apy 21.380 16.061 41.639 20 
106561 Apy 21.459 16.108 39.792 10 
106571 Po 16.267 15.526 35.568 1500 
106571 Py 16.888 15.608 35.898 1100 
106571 Po/2 16.244 15.505 35.501 4300 
106571 Po/3 16.163 15.487 35.435 870 
106571 Po/4 16.210 15.524 35.554 3180 
106572 Sp 17.345 15.657 36.112 304 
106574 Py 21.037 16.072 37.020 45 
106576 Py 22.676 16.341 37.735 159 
106577 Py 23.167 16.256 38.131 70 
SM77 Py 16.989 15.560 36.761 2 
93114 Apy 21.147 16.044 41.257 5 
3SM100/1 Apy 17.628 15.642 36.834 5 
3SM100/2 Apy 17.253 15.615 36.422 5 
Sheared Carb. Slate with QV2-3 Sulphides 
106571 WR 18.043 15.805 36.715 1200 
106572 WR 18.073 15.735 36.461 597 
106575 WR 23.060 16.274 38.037 59 
106576 WR 24.065 16.535 38.065 166 
106576 Py-vein 24.530 16.335 38.433 14 
QV5 Sulphides 
106574 Py-vugh 21.288 15.974 38.330 65 
106555 Gn 20.621 16.064 39.182 
QV5/Gn Gn 16.326 15.155 36.041 
K-Feldspar from Cullen Batholith 
7912-5013/1 L2 15.796 15.333 35.716 
7912-5013/1 L3 15.887 15.427 36.022 
7912-5013/2 L2 15.803 15.337 35.679 35 
8312-6025 TOT 15.803 15.385 35.544 81 
8312-6025/1 L1 17.631 15.586 37.118 
8312-6025/1 L2 15.702 15.366 35.472 
8312-6025/1 L3 15.750 15.378 3.5.545 
8312-6025/2 L1 17.249 15.544 37.289 
8312-6025/2 L2 15.696 15.341 35.395 59 
8312-6029 TOT 16.089 15.363 36.071 27 
8312-6029/1 L1 17.563 15.555 37.867 
8312-6029/1 L2 15.898 15.:368 35.890 
8312-6029/1 L3 15.903 15.361 35.867 
8312-6029/2 L1 17.649 15.560 37.845 
8312-6029/2 L2 16.007 15.350 35.756 
8312-6030/1 L1 35.035 17.632 55.866 21 
8312-6030/1 L2 17.172 15.483 36.988 
8312-6030/1 L3 17.304 15.501 37.101 
8312-6030/2 L2 16.576 15.403 36.222 10 
Table 5.10: Lead isotope data for Cosmo Howley samples. Sp = sphalerite, Gn = galena, 
WR = wallrock of vein. 
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Figure 5.9: Ph-isotope compositions of Cosmo Howley sulphides and feldspar from gran-
ites from the Cullen Batholith. 
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5.7 Conclusions 
The detailed investigation of the physico-chemical conditions during gold vemmg 
and throughout the evolution of the Cosmo Howley deposit provided the following 
PT-t, chemical, and isotopic constraints. 
• The thermal history of the Cosmo Howley deposit appears well constrained from 
the prograde formation of almandine at around 400±50°C to the peak of contact 
metamorphism which coincided with Au-vein formation at 550-620°C, if a pressure 
around 200-250 MPa is assumed in analogy with the near vicinity of Cosmo Howley 
(Chapter 1). The Main Pit Shear developed at a temperature around 460±50°C 
as constrained by Mn-garnet-biotite, arsenopyrite and oxygen isotope geothermom-
etry. Broadly contemporaneous, QV3 vein formation occurred at about 500°C , as 
constrained by quartz-muscovite oxygen isotope fractionation, arsenopyrite geother-
mometry, and T-invariant paragenesis. Phengite barometry conducted on QV3-
muscovite indicates a pressure around 240 MPa. 
• For the constrained formation temperatures, the oxygen isotopic signature of the 
fluid which formed the QV1 and the QV2-QV3 veins ranged between 13.7 (QV1) 
to 11.8 (QV3) per mil. These compositions can be explained by partial equilibra-
tion of a magmatic fluid with the host rock sequence or by mixing of the former 
with a metamorphic fluid influenced by decarbonation reactions. At only slightly 
decreasing temperature, the decrease with time in <5 180 of the fluid from QV1 to 
QV3, is consistent with a volumemetrically increasing involvement of isotopically 
light magmatic fluid in the hydrothermal system. 
• The pH, fs 2 , and fo 2 have been estimated at the site of gold deposition for the 
temperature and pressure of Au-vein formation. Phase relations for the alteration 
assemblage K-spar+andalusite+biotite+albite indicate a pH of 4.3 to 4.7 depending 
on fluid salinity which was larger than 1 molal NaCl+KCl (Chapter 1). The fs 2 of 
the mineralizing fluid is constrained by the sulphide assemblages as 10-1.5-(-0·35 ). 
The fo 2 ranged between 10-22 ·5-( - 20 ·0 ) as indicated by the co-precipitation of ar-
senopyrite and pyrrhotite. This range of redox states overlaps with the maximum 
stability of graphite suggesting a redox control of the carbonaceous slates on the 
conditions in the Au-quartz veins (QV1). 
• The sulphur isotopic composition of Au-vein arsenopyrite is distinctly heavier than 
that of arsenopyrite from the Main Pit Shear. This heavy signature seems incom-
patible with sulphur derivation from the metasediments and can be explained by 
an enrichment of 34S in an oxidizing, early magmatic fluid from the McMinns Bluff 
(!-type) granite. The sulphur isotope signature of the sulphides in the Main Pit 
Shear is consistent with both a Proterozoic-sedimentary and a magmatic sulphur 
source. 
• Model ages derived from Ph-isotope compositions of Cosmo Howley sulphides rule 
out a syn-sedimentary formation. They are consistent with sulphide deposition 
during contact metamorphism induced by the Cullen Batholith. QV5 galena formed 
close to 200 Ma after emplacement. This strongly suggests that the QV5 veins 
are unrelated to the hydrothermal system of the Cullen Batholith and that they 
represent a separate structural event. The lead in the epigenetic sulphide appears 
to have been sourced within the host rock sequence of Cosmo Howley and the 
208Pb/204Pb-ratio can be used to distinguish sulphide from the carbonaceous slate. 
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Summary and Introduction 
A genetic pathway model is proposed for the Cosmo Howley and other gold deposits 
in the central Pine Creek Inlier. This model involves the transport and focusing 
of mineralizing fluid from depth into the structures which host gold mineralization. 
These structures were both active faults and not actively deforming anticlines. For 
those Pine Creek gold deposits that formed in the near vicinity of, but not within 
carbonaceous slates (e.g., Cosmo Howley, Mount Shoobridge, Enterprise etc.), gold 
precipitation is explained by mixing between a hydrocarbon-rich fluid which equi-
librated with the carbonaceous slate and a gold-rich fluid in chemical equilibrium 
with its oxidized source. Deposits of gold mineralization at the intersections of car-
bonaceous beds with zones of channellized fluid flow are inferred to have formed 
by direct interaction of the mineralizing fluid with the slate as well as by the fluid 
mixing with hydrocarbon-rich fluid. 
Two depositional mechanisms could have occurred in response to the fluid mix-
ing or the fluid-rock interaction. Firstly, gold precipitation could have been caused 
by fluid immiscibility after mixing of the saline gold-transporting fluid with a fluid 
with mole fractions of ( C02 + CH4 ) > 0.4. Secondly, gold could have been pre-
cipitated either by reduction of the relatively oxidizing gold-transporting fluid by 
graphite or by reduction during fluid mixing. This is indicated by speciation and re-
action progress calculations. The reaction progress calculations show that reduction 
strips significant amounts of gold from the fluid before a C02 + CH4 concentra-
tion is reached which would trigger fluid immiscibility. This result depends however 
on the initial oxidation state of the gold-transporting fluid. In a discussion of the 
two precipitation mechanisms it is argued that the redox mechanism was more im-
portant. This mechanism does however require high concentrations of gold in the 
gold-transporting fluid in order to obtain gold saturation. 
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6.1 The Ore-Forming System in the Central Pine 
Creek Inlier 
The preceding chapters have provided detailed descriptions and interpretations of 
the physico-chemical conditions of gold deposition at Cosmo Howley and other Pine 
Creek gold deposits. They have characterized the deformation during gold deposi-
tion, the regional PT-environment, and the resulting gold distribution. All these 
factors are summarized in Figure 6.2. With these constraints, the genetic pathway 
model from the Introduction (Fig 0.1) can be parametrized as shown in Figure 6.1. 
The genetic pathway model (Fig. 6.1) illustrates the subvertical escape and the 
focusing of both metamorphic and magmatic fluid in the contact aureole of the 
Cullen Batholith at the time of gold deposition. Important ingredients of these fluids 
were chlorine, sulphur, arsenic, and gold which were derived from devolatilization of 
sediments and the crystallizing magma. Devolatilization was driven by the intrusive 
heat source. Focusing of fluid flow occurred both in active and passive deformation 
structures (Fig. 6.2) and was accompanied by the formation of hydrofractures. 
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Figure 6.1: Genetic pathway model relating the key components in the ore-forming hy-
drothermal system in the central Pine Creek Inlier. Compare with figure 0.1 in the Intro-
duction, Part I. WR = wallrock of fault/vein conduit. 
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Figure 6.2: Opposite page: The ore-forming hydrothermal system in the central Pine 
Creek Inlier. Summary diagram of the observations and inferences described in Part I. 
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Along its path through the flow-focusing structure the mineralizing fluid mi-
grated through or near carbonaceous beds which occur as thin layers in the de-
formed metasedimentary pile. These units emanated hydrocarbons during contact 
metamorphism and reaction with aureole fluids (e.g., Yardley and Bottrell, 1989). 
Where focused fluid flow transgressed carbonaceous stratigraphy, ore deposition oc-
curred. Two scenarios of gold deposition are summarized in the genetic pathway 
model (Au-Quartz-Veining, Fig. 6.1). 
The first represents the case where gold mineralization occurs predominantly by 
a fluid-rock interaction. In the second scenario, gold mineralization is restricted to 
the near vicinity of carbonaceous units. These rocks exerted a redox control on 
the mineralizing fluid at the site of gold deposition as is reflected in the sulphide 
paragenesis in the ore. Thus the involvement of a carbonic fluid which equilibrated 
with the carbonaceous metasediments prior to migrating into the mineralized quartz 
veins/fractures, appears to have been crucial for gold deposition. 
How this migration and subsequent mixing with the mineralizing fluid could have 
occurred needs to be established on the basis of the constraints on fluid flow in the 
contact aureole. 
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6.2 Fluid Flow Focusing, Fluid Mixing, and Fo-
cused Flow 
The described constraints on fluid pressure, direction of fluid flow, and on the perme-
ability structure in the central Pine Creek Inlier permit a simplistic characterization 
of flow focusing, fluid mixing, and fluid migration on different scales. 
Firstly, it was discussed that fluid flow in the roof of the Cullen Batholith was 
predominantly upward. This was indicated by the strong potassic alteration, the 
pervasive quartz veining, and the observation that fluid pressure was high enough to 
permit repeated hydrofracturing (cf., Hansen, 1992). Near-lithostatic fluid pressures 
imply that subvertical deformation structures were oriented subparallel to the max-
imum gradient in fluid pressure. Numerous studies have shown that narrow high 
permeability zones with such orientation focus fluids from their surroundings up-
stream. For the subvertical mineralized structures in the central Pine Creek Inlier, 
similar focusing is indicated by concentrations of gold within them which exceed the 
average crustal abundance of gold in metasediments (e.g., Crocket, 1991) by more 
than 5 orders of magnitude. Moreover, the gold-bearing vein systems are restricted 
to some larger antiforms and subvertical fault systems. These occur at a spacing 
perpendicular to the strike of the vein systems of a few- to about ten kilometers. 
This spacing is also indicative of the maximum horizontal distance over which fluid 
could have been focused into an individual structure, and places an upper bound on 
the volume of the metamorphic rocks from which gold could have been concentrated 
in individual deposits. 
Flow focusing by subvertical structures further implies lateral inflow of fluids in 
their charge region. If the flow-focusing conduit is bedding-parallel and occurs near 
lithologic contacts, then both fluid from the footwall and the hangingwall is focused 
into it. This process should have been common where bedding-concordant quartz 
veins formed in the steeply-dipping limbs of anticlines (Fig. 6.2). 
This scenario permits that fluid from a carbonaceous hanging wall unit is focused 
m a quartz vein or fault in the non-carbonaceous footwall where it mixes with a 
fluid from depth which has not previously encountered carbonaceous beds along its 
flow path into the vein. It is important to note that this fluid mixing is a natural 
consequence of the fluid pressure gradient in the contact aureole and the sub-vertical 
orientation of the high permeability zones reflected by the Au-quartz veins. On a 
more regional scale, in the roof of the Cullen granite this mixing mechanism must 
have involved magmatic and metamorphic fluid, both present at the time of gold 
deposition. The chemical consequences of such mixing or direct interaction between 
a gold-bearing fluid and carbonaceous matter are the main topic of this chapter. 
GENETIC SYNTHESIS 204 
However, before these chemical processes are addressed the dynamics of the crack-
seal process of vein formation for fluid flow are examined, because crack-seal veins 
carry large fractions of the gold ore in the Pine Creek deposits, as well as in the 
Bendigo-Ballarat district, Victoria (Cox, 1987; Cox et al., 1991) and the Sigma 
Mine, Abitibi (Bouillier and Ro~ert, 1990). 
In the following discussion, only that region of the crack-seal vein is considered 
where inflow takes place, because the gold at Cosmo Howley, Enterprise, and Wool-
wonga occurs predominantly within the veins. Importantly, this charge region is 
also the part of the vein in which the fluid mixing takes place. 
It has been shown (Chapter 2) that there are two types of crack-seal veins in 
the Pine Creek deposits. The first type occurs along deformation structures which 
were active during veining. In these structures deformation could have sufficed to 
regenerate permeability. The second type appears to have been deposited into not 
actively deforming structures so that hydrofracture may have been the only driving 
mechanism for repeated fracturing. 
The mechanical aspects of hydrofracture (e.g., Secor, 1967; Pollard and Holzhau-
sen, 1977) and the development of crack-seal veins have been examined in great 
detail (Ramsay, 1980; Etheridge et al., 1983; Cox, 1987; Nishiyama, 1989; Bouillier 
and Robert, 1990). Hence only a brief review of fluid flow-related aspects of the 
crack-seal process is warranted here. These aspects are summarized in figures 6.3, 
6.4. 
Firstly, fluid pressure must have exceeded the normal stress in addition to the 
tensile strength of the rock for hydrofract.ure to occur. The tensile strength of rocks 
is typically only of the order of a few megapascals (e.g., Brace, 1964a). In this 
context, the predominant occurrence of the crack-seal veins along bedding planes in 
the anticlines, and the recurrence of hydrofracture along the margins of the crack-seal 
veins, may suggest that the tensile strength of these zones was lower than elsewhere 
in the rock (Fig. 6.3). 
Secondly, fluid inflow into the veins would have required that the fluid pressure 
in the vein (Pr(V), Fig. 6.3 B) was lower than that in the wallrock (Pr(WR)). Under 
this condition fluid mixing between the fluid already in the vein (Fluid 1, Fig. 6.3 
B) and fluid from the wallrock (Fluid2) should have occurred. 
Thirdly, in order to keep the crack open for continued fluid flow, fluid pressure 
Pr(V) should have remained above the normal stress (o-11 , Fig. 6.3 B). This condition 
was probably satisfied over the entire time of formation of some of the massive quartz 
veins in the deposits. In the crack-sea.l veins repeated sealing and re-fracturing 
occurred. The consequent fluid-pressure time path for both the vein and the wallrock 
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is sketched in figure 6.4. In this diagram the shaded area indicates potential values 
of fluid pressure in the wallrock (relative to the pressure in the vein) for which vein 
inflow and fluid mixing should have occurred. Importantly, the fluid pressure in the 
wallrock should not have exceeded its own tensile strength in addition to the normal 
stress. Otherwise, failure would have occurred away from the vein. 
Potentially, sealing occurred after the flux in the fractures exceeded the fluid 
supply from the wallrock leading to fracture collapse. Some of these more compli-
cated dynamics of fluid flow are addressed in Part II of this thesis. 
In summary, a sustained pressure gradient driving convergent flow and fluid 
mixing in the flow-focusing parts of the veins, and a fluid supply that lead to pressure 
buildup and hydrofracture as soon as crack sealing occurred by quartz deposition, 
should have provided the ideal conditions for prolonged, incremental gold-quartz 
veining, during fluid migration out of the aureole. Gold mineralization formed only 
in structures which strongly focused the rising fluid. In these channelways gold 
deposition occurred either where the focused fluid interacted with carbonaceous 
beds or in structural geometries which facilitated the mixing with fluids derived from 
carbonaceous slate in the vicinity. Crack-seal textures and incremental displacement 
histories of faults indicate that fluid migration was intermittent on the scale of 
individual veins and faults. The abundance of such structures, however, indicates 
that fluid flow was continuous on the scale of the ore-forming system. A detailed 
investigation of fluid flow processes is the subject of part II of this thesis. 
'' ;'.: 
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Figure 6.3: Fluid flow and conditions of flow-focusing in the charge region of an Au-
crack-seal vein. A - Hypothetic profile of the tensile strength of the rocks shown in B. 
Tv, TwR, Tseal are the tensile strength of the vein, the wallrock, and the seal which forms 
in the fracture by quartz precipitation, respectively. The recurrence of failure near the seal 
is explained by a permanently lower tensile strength of this region. B - Fluid migration 
pattern responsible for mixing between a vein- (fluid 1) and a wallrock fluid (fluid 2) in 
the crack-seal quartz veins ( QVl ). Fluid 1 flows within the open crack where it mixes 
with fluid 2 which has migrated from the carbonaceous slate through non-carbonaceous 
rock into the vein. This flow scenario is maintained in the charge region of the vein while 
the fluid pressure in the wallrock Pf(WR) exceeds that in the vein Pf(V) which has to be 
greater than the normal stress, O"N in order to keep the fracture open. 
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Figure 6.4: Fluid pressure-time path during crack-seal vemmg and fluid mixing in the 
Au-crack-seal veins. Shaded region represents values of the fluid pressure in the wallrock 
for which a crack-seal texture develops in the vein. The mechanical requirements to keep 
the crack open are met as long as the fluid pressure in the vein Pr(V) exceeds the normal 
stress, and the fluid pressure in the wallrock Pr(\VR) is lower than the normal stress plus 
the tensile strength of the wallrock. Sealing can take place as long as Pr(WR) is lower 
than aN plus the tensile strength of the seal Tseal· Otherwise, continuous flow will occur 
which would lead to the formation of a massive quartz vein. 
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6.3 Gold Transport 
In order to evaluate the solubility of gold in the gold-transporting fluid, at the PT-
and redox conditions of interest, available experimental data on gold complexation as 
Au(HS)2 (Seward, 1973; Renders and Seward, 1989; Shenberger and Barnes, 1989, 
Bloom and Seward, 1989, Benning and Seward, 1993) and AuHS0 (Seward, 1973; 
Hayashi and Ohmoto, 1991, Gibert et al., 1993) have been re-examined and fitted 
to the Tanger and Helgeson (1988) revised HKF (Helgeson, Kirkham and Flowers, 
1981) equation of state for aqueous species at high pressures and temperatures. In 
this exercise, it was necessary to re-calculate some of the species-dependent parame-
ters of the aqueous gold species from the basic solubility data and the experimental 
conditions in order to obtain a thermodynamically consistent dataset. This was 
part of a team effort involving Chris Heinrich (AGSO, Canberra) and Roger Skir-
row (ANU, Geology Department). Both these fits and an already existing fit for 
the AuCl2 complex by Zotov et al.(1991), were examined carefully on whether they 
reproduced the experimentally determined solubilities for the respective experimen-
tal assemblages and conditions. The determined equation of state parameters for 
Au(HS)2 and AuHS0 and details of the calculations which were carried out with a 
modified version of the program Thermodata (Turnbull, 1981; Turnbull and Wad-
sley, 1986) are reported in Appendix C. The experimental data on which the fits 
have been based extend only to 500°C, :::;200 MPa. The following results therefore 
depend on extrapolations of gold solubility by up to 150°C. 
The modelling showed that gold solubility depends strongly on the redox state of 
the mixture of metamorphic and magmatic fluid that is inferred to have transported 
the gold. The metamorphic fluid could have evolved to an oxygen fugacity greater 
than that characteristic for the maximum stability of graphite, if decarbonation was 
important during devolatilization of the metasediments (e.g., Ohmoto and Kerrick, 
1977) or if these contained appreciable quantities of hematite. However, carbonates 
appear to have been restricted to the carbonaceous metasediments in the central 
Pine Creek Inlier (Matthai and Henley, in prep.) and there is also no evidence 
for primary hematite. Thus, the redox state of the metamorphic fluid is poorly 
constrained and there are no indications that this fluid was appreciably oxidized. 
The redox state of the magmatic fluid has already been discussed in Chapter 1, 
concluding that fluid from the calc-alkaline I-type granite (McMinns Bluff Granite) 
which dips shallowly under the Howley Anticline, was more or equally oxidized 
than the NNO-buffer. Potentially, the magmatic fluid was much more oxidized as 
may be indicated by pink K-feldspar phenocrysts in this granite and the whole-
rock Fe+3 /Fe+2 ratio of ~0.24 which is the highest of the intrusions in the Cullen 
... 
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Batholith (Stuart-Smith et al., 1993). Interestingly, the granites in the Pine Creek 
Inlier which occur in the near vicinity of the gold deposits, including the Me Minns 
Bluff Granite, all fall into the category of highly fractionated !-types which appear 
to be commonly associated with Au-mineralization throughout Australia (Blevin 
and Chappell, 1992). The characteristics of the McMinns Bluff I-type granite also 
match the Japanese classification of hornblende-bearing magnetite series granites 
(Ishihara, 1981). Such granites are commonly associated with Cu-Au-mineralization 
(Burnham and Ohmoto, 1980). For these I- types a high oxidation state of associated 
magmatic fluids is inferred (Ohmoto, 1986). 
Figure 6.5 shows the speciation of gold in an aqueous fluid in equilibrium with 
the mineral assemblage K-feldspar + albite + muscovite+ pyrrhotite + quartz at 
a temperature of 400-600°C (200 MPa) for an intermediate salinity of 2 molal total 
chloride ( cf., Chapter 1). The mineral assemblage typifies the metagreywacke and 
metapelite assemblages close to the granite margins in the central Pine Creek Inlier. 
The redox state of the fluid was buffered by Ni-NiO. 
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Figure 6.5: Gold solubility in the gold-transporting magmatic/metamorphic fluid mix-
ture. Redox buffer Ni-NiO. pH is determined by the salinity of 2 molal total chloride in 
the presence of the assemblage K-spar + albite + muscovite + quartz. 
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The data in figure 6.5 show that gold is transported predominantly as AuC12 in 
the temperature range determined for gold deposition. At temperatures below 500°C 
gold-sulphur complexes become more important than gold chloride with Au(HS)2 
dominating over AuHS0 • Below 480°C gold is transported as AuHS0 which is consis-
tent with the predictions of Hayashi and Ohmoto (1991 ). The overall gold solubility 
(±4 mg/kg) does not vary strongly as a function of temperature, but that of AuC12 
decreases with temperature by more than three orders of magnitude in the modelled 
T-range. This is also due to a shift of the Ni-NiO buffer to more reducing conditions 
at lower temperatures (log fH 2 (600°C) = -0.85; log fH 2 (400°C) = -2.4). 
In summary, at 200 MPa, above 550°C, gold should have been transported as 
AuC12 in the relatively oxidizing magmatic/metamorphic fluid mixture in equilib-
rium with a non-carbonaceous metapelite or metagreywacke. 
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6.4 Mechanisms of Gold Deposition 
It will be discussed that essentially two mechanism can be called upon to explain 
why gold deposition occurred when the rising fluids interacted with carbonaceous 
metasediments or mixed with fluid which had already equilibrated with these litholo-
gies. 
Fluid Immiscibility Gold is precipitated from a homogenous mixture of meta-
morphic and saline magmatic fluid when this mixture phase separates because 
it is contaminated with hydrocarbons. Addition of C02 and CH4 can occur 
either by reaction with carbonaceous slate, by diffusion from the slate into the 
fluid, or by mixing with a fluid enriched in hydrocarbons. 
Reduction Gold is precipitated from a single phase mixture of metamorphic and 
magmatic fluid when this mixture is reduced by hydrogen and carbonic species 
which are added by one of the mechanism listed above. 
Both mechanisms are described in detail below. The fluid immiscibility mecha-
nism is evaluated mainly with respect to the probability of occurrence because its 
consequences for the stability of gold complexes are poorly constrained for the PT-
conditions of interest. The reduction mechanism will be evaluated quantitatively 
using speciation and reaction progress calculations. In these calculations new fits of 
the standard state properties of gold complexes are employed. 
6.4.1 Fluid Immiscibility 
The fluid-immiscibility mechanism requires that the fluid entering the site of gold 
deposition is initially homogeneous. In Chapter 1 it was shown that this applies 
to the magmatic fluid at 200 M P a (Bodnar et al., 1985) in spite of its very high 
initial salinity of up to 55 wt.% NaCl (Cline and Bodnar, 1991). Recently this has 
also been confirmed for KCl + N aCl brines at the PT -conditions of interest (Sterner 
et al., 1992). It can be assumed further that the magmatic fluid did not contain 
appreciable amounts of C02 or methane, because of their extremely small solubility 
in a granitoid melt (Blanket a.l., 1993). 
The composition of the metamorphic fluid away from carbonaceous lithologies 
was also discussed in Chapter 1. For the shales and greywackes mole fractions of 
(C02 + CH4) < 0.9 were assumed, because of the paucity of carbonaceous matter 
or primary carbonate. In the absence of evaporites in the Cullen Mineral Field it 
appears reasonable to assume that the metamorphic fluid was of moderate (~15 
wt.% NaCl + KCl) or low sa.linity (s;3 wt.% NaCl + KCl) prior to mixing with 
the magmatic brine. For these conditions and the high temperature and pressure 
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the metamorphic fluid should have been a single phase (e.g., Franck, 1985). For the 
following discussion the assumption is made that the magmatic-metamorphic fluid 
mixture was also a single phase prior to entering carbonaceous stratigraphy. 
For high salinities the miscibility with water of a whole range of hydrocarbons, 
hydrogen, sulphur species, and nitrogen is limited. At the PT-conditions and salini-
ties of interest the C02 solvus is probably the one which is constrained best. Critical 
salinities and mole fraction of C02 in the fluid above which phase separation should 
occur are shown in Figure 6.6 (Bowers and Helgeson, 1983b ). 
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Figure 6.6: The solvus in the C02-H20 system as a function of salinity (adapted from 
Bowers and Helgeson, 1983b). Pressure 200 MPa.; salinity in wt.% NaCl. The stippled 
lines project the temperature range estimated for gold deposition on the C02 solvus. 
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Figure 6.6 illustrates that C02 fluid immiscibility could have occurred in the Pine 
Creek deposits at salinities of the magmatic-metamorphic fluid mixture greater than 
35 wt.% NaCl and after addition of a mole fraction of C02 greater than 0.1. The 
early magmatic brine, could have unmixed in response to even smaller additions of 
hydrocarbons. If the magmatic fluid was however diluted by contact metamorphic 
fluid to a salinity of less than 20 wt.% N aCl prior to addition of hydrocarbons, 
the mixture would have lost its potential to unmix into two phases. Similarly, late 
magmatic fluid with a much lower salinity (Cline and Bodnar, 1991) would not have 
had the potential to phase separate above 500°C. 
The discussion shows that fluid immiscibility could have played an important 
role for ore deposition in the Pine Creek deposits, especially if gold was enriched 
in the very saline, early magmatic fluid. This does however depend also on the 
effects of fluid unmixing on the stability of the complexes which transported the 
gold. These effects are poorly understood. 
The speciation calculations presented above show that gold is transported pre-
dominantly as AuCl2 at the conditions of interest, even if a. low salinity is assumed. 
As a polar chloride complex, AuCl2 partitions in the aqueous phase (Henley, 1973) 
like other salts which are highly associated at high pressure and temperature (Sterner 
et al., 1992). The loss of C0 2 , and methane from such fluid decreases its volume. 
Therefore the salinity increases and AuC12 becomes slightly more stable. Further-
more, H2-loss into the carbonic phase, in analogy to H2 loss into steam during 
boiling in epithermal systems, would oxidize the aqueous phase. This oxidization 
would further stabilize AuCl2, increasing gold solubility in the residual aqueous 
phase. 
The effects of C02-unmixing on the neutral AuHS0 complex are not readily 
assessed. If it remains in the aqueous phase it might be de-stabilized if the latter 
was oxidized by hydrogen loss. The solubility in the carbonic phase is beyond 
prediction. 
In summary, fluid immiscibility may have occurred at the sites of gold deposition 
in the central Pine Creek Inlier, especially in fluid mixtures dominated by very saline 
early magmatic fluids. The effects on the solubility of the gold are however poorly 
constrained. Gold chloride complexes may even become more stable during fluid 
unmixing. Therefore the role of fluid immiscibility in ore deposition remains unclear. 
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6.4.2 Reduction 
Summarizing the redox conditions which were discussed for the gold-transporting 
fluid, it is quite likely that the magmatic fluid which migrated through the gold 
deposits was initially fairly oxidized and could therefore have been reduced by inter-
action with carbonaceous matter or fluid that equilibrated with carbonaceous slate. 
Below, the effects of this reduction process on gold solubility are discussed on the 
background of speciation calculations. 
The combined solubility of gold-chloride and gold sulphide complexes has been 
evaluated between 400 and 600°C, 200 MPa, for a range of sulphur concentrations 
which overlaps with that determined for the site of gold deposition at Cosmo Howley 
(Figs. 6. 7, 6.8). Four pH curves were determined by N aCl/KCl-salinities of 1 and 4 
molal total chloride and the K-spar + albite + muscovite equilibrium, and the K-
spar +albite+ andalusite + annite equilibrium, respectively. An fo2 -range between 
10-15 to 10-23 , was covered by including different f0 2 buffer assemblages in the 
speciation calculations. 
Figures 6. 7 and 6.8 show that these are retrograde and prograde segments in the 
solubility curve from 600 to 450°C. A solubility minimum exists near 500°C where 
gold solubility changes over from chloride to bisulphide dominated at the more ox-
idized conditions. However, because of the retroe;rade Au-solubility increase, or 
the constant solubility for the more reducing buffer assemblages in the temperature 
range from 600 to 450°C, cooling does not seem a key gold precipitation mecha-
nism. The observed gold distribution also mitigates against cooling during gold 
deposition, because this mechanism would not explain the intimate relationship be-
tween carbonaceous slates and high gold grades in subvertical vein systems in some 
of the fault-hosted gold deposits. \Vith respect to a magmatic gold source, the tern-
perature difference between the magmatic fluid source at a solidus temperature of 
~680°C and the temperature a.t the site of gold deposition is less than 130°C. 
In figures 6. 7 and 6.8 gold solubilities in an oxidizing fluid are represented by 
the curves for hematite-magnetite, S02/H 2S = 1.0 and Po-Mt-Annite, representing 
the least oxidized case. Importantly, these buffers are temperature dependent; for 
example, Po-Mt-Annite is more reducing than the maximum stability of graphite 
above 560°C. S02/H2S = 1.0 represents f02 values which are still below He-Mt. 
Po-Mt-Annite values could also be expected for a. metamorphic fluid in the absence 
of carbonaceous matter (see discussion above). The curves involving graphite repre-
sent total gold solubility at fo 2 buffered by graphite, reflecting reducing conditions 
expected in a fluid which reacted extensively with carbonaceous slate. 
•... l 
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Figure 6. 7 illustrates that the total gold solubility decreases with f02 both for 
total molal chloride= 1, and 4, at a pH-buffer defined by salinity and the equilibrium 
between K-spar-albite, and muscovite. The same applies at a slightly more acid pH 
for the vein alteration assemblage K-spar + albite + biotite + andalusite. In this 
local assemblage, gold solubility is slightly lower (Fig. 6.8). 
Because gold mineralization is always located in the near vicinity of carbona-
ceous slate the observed decrease in gold solubility with reduction seems to reflect 
a powerful precipitation mechanism which could explain the observed gold distribu-
tion in the deposits of the central Pine Creek Inlier. Therefore, reduction has been 
investigated further for its quantitative efficiency via reaction progress modelling 
using the program CHEMIX which is a subroutine of Thermodata. 
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Figure 6. 7: Opposite page: Gold solubility as a function of pH, redox state and fluid 
temperature (1). Redox buffers in an order of decreasing f0 2 with reference to 550°C: 
Hem/Mag + Py, S02/H2 = 1, graphitemax :::: Po/Mag/ Ann. pH is determined by the 
salinity in the presence of the assemblage K-spar + albite + muscovite + quartz. . 
A - 1 molal Cl. 
B - 4 molal Cl. At 550°C the gold solubility is dominated by AuCL1. From A to B gold 
solubility increases with salinity by about one order of magnitude. 
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Figure 6.8: Opposite page: Gold solubility as a function of pH, redox state and fluid 
temperature (2). Redox buffers in an order of decreasing f0 2 with reference to 550°C: 
S02/H2 = 1, graphitemax ::-= Po/Mag/ Ann. pH is determined by the salinity in the pres-
ence of the assemblage K-spar + albite + andalusite + annite +.quartz. 
A - 1 molal Cl. 
B - 4 molal Cl. At 550°C the gold solubility is dominated by AuC12. From A to B gold 
solubility increases with salinity by about one order of magnitude. 
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6.4.3 Efficiency of Gold Precipitation by Fluid Reduction 
The efficiency of gold precipitation by reduction of the gold-transporting fluid with 
carbonaceous matter has been evaluated with reaction progress modelling. For a 
range of initial redox states of the fluid, salinities of both 1 and 4 molal, and initial 
sulphur concentrations near those estimated from the sulphide assemblages accom-
panying gold mineralization, the efficency of gold precipitation via mixing with a 
carbonic fluid was investigated. The mixing was modelled allowing for the formation 
of andalusite, K-spar, albite, biotite, pyrrhotite, annite, muscovite and quartz, but 
excess of these phases was removed from the reactor prior to mixing. For the sake 
of simplicity results are presented here from a calculation where the gold-saturated 
fluid was titrated simply with equal mole fractions of C02 and CH4 (Fig. 6.9). This 
corresponds closely to the ratio of these species in a fluid buffered to the maximum 
stability of graphite at 550°C, 200 MPa (cf., Fig. 1.12 B, Chapter 1). Importantly, 
graphite is not a buffer sensu-strictu, but its presence moves the oxygen fugacity of 
the fluid toward its stability maximum. The redox state of the fluid prior to titration 
was slightly below NNO (log fH 2 = -1.09). Hence this calculation is not based on 
the assumption of a disputably high f0 2-value. 
The results of the titration show that reduction is a highly efficient precipitation 
mechanism, because relatively small quantities of admixed carbonic fluid cause sub-
stantial gold precipitation (Fig. 6.9). This result does not change if the alteration 
assemblage is left in the reactor during the titration. For the highly saline fluid ( 4 
m Cl, Fig. 6.9) gold precipitation is further accelerated if the salinity is decreased 
by dilution with low-salinity water. These experiments are however based on the 
assumption that the fluid was saturated with gold prior to mixing. This restriction 
implies that the initial gold concentration in the gold-transporting fluid must have 
been greater than 100 ppb (0.13 mg/kg) for a titration at 1 molal total chloride and 
2.8 ppm at 4 molal chloride (Fig. 6.9). This is little different at 400°C, 200 MPa 
(Fig. 6. 7). 
It seems questionable that a gold concentration between 100 ppb and a few ppm 
could have occurred in the gold-transporting fluid if it had been solely derived from 
the metasediments because of the ppb-level concentrations of gold in typical shale 
sequences (Crocket, 1990). On the other hand, the rapid dissolution of detrital gold 
grains in small quantities of hot saline fluid may well have led to gold saturation of 
fluid generated during contact metamorphism. 
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Figure 6.9: Isothermal titration of a gold-saturated fluid with carbonic species at 550°C, 
200 MPa. Gold-saturated fluid buffered by Kfs+Ab+Ms+Qtz+Ann at KCl+NaCl salini-
ties of 4 mole per kg fluid. Gold saturation implies high initial gold concentrations in order 
to obtain Au-saturation. The mixing ratio at which maximum gold precipitation occurs 
depends on how close to saturation the Au-bearing fluid is and its redox state. In this 
case the fluid was moderately oxidized and gold saturated. Therefore, gold precipitation 
occurred after the addition of very small mole fractions of C0 2 + CH4( C02/ CH4 = 1 ). 
Because of the retrograde solubility of the gold chloride complex (Fig. 6.5) gold-
saturation in the magmatic brine may have been fostered by cooling from granite 
solidus temperature (680-700°C, Chapter 1) to the temperature of gold deposition 
(550-620°C, Chapter 1). This cooling should have occurred during fluid migration 
through the contact aureole. 
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Further titration calculations also indicate that the quantity of carbonic species 
which must be added to achieve significant gold precipitation, depends greatly on 
the redox state of the gold-bearing fluid. When a more oxidizing fluid with equal 
amounts of 802 and H2S was titrated, addition of about ten times as much carbonic 
species was required before precipitation occurred rapidly upon further hydrocarbon 
addition. Such a redox state could still be representative for magmatic fluid from 
the Cullen Batholith. 
For this case, a rough calculation of fluid and reactant budgets can be made for 
the formation of the Cosmo Howley deposit. If roughly 1 ppm of gold is deposited 
from each kg of fluid by reaction with 43 g C02 + CH4, then about 3.0 x 107kg 
of fluid ( ~ 25,000 m3 ) would suffice to produce this 30 t Au-deposit under the 
consumption of 600 tonnes of carbonaceous species which could have formed from 
about 4,000 m3 carbonaceous slate at 5 wt.% carbon. This is a trivial amount of 
rock (~ 20 x 20 x 10 m), considering the size of the deposits and the fast reaction 
rates of pyrolysis reactions ( cf., Chapter 1). Moreover, some of the carbonaceous 
beds at Cosmo Howley still have a carbon content of more than 10 wt.% (Matthai 
and Henley, in prep.). On the other hand, the retardation of peak gold precipitation 
until a certain hydrogen concentration is obtained in the fluid (Fig. 6.9) allows 
that· traces of carbonaceous matter in wallrocks of major fluid channels had only a 
negligible effect on gold solubility. Especially, if the Au-bearing fluid was initially 
undersaturated with respect to gold, only substantial mixing with hydrocarbon-rich 
fluid from carbonaceous horizons could have precipitated gold which was transported 
along major fluid pathways. This remains however a speculation in the absence of 
constraints on fluid budgets derived. 
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6.5 Conclusions 
Ore-formation in the central Pine Creek Inlier occurred when hot metamorphic 
and magmatic fluids became focused into anticlines and subvertical deformation 
structures facilitating fluid escape out of the inner contact aureole. Gold was de-
posited where (1) these fluids interacted directly with carbonaceous metasediments, 
and (2) where hydrocarbon-rich fluid from proximal carbonaceous sediments was 
focused into the fluid conduits. The focusing of different fluids into the mineral-
ized structures implies fluid mixing. The mixing of the gold-transporting fluid with 
hydrocarbon-rich fluid appears to have been instrumental for gold deposition at 
Cosmo Howley and elsewhere in the Central Pine Creek Inlier. 
The reaction of gold-transporting fluid with hydrocarbon-rich fluid or carbona-
ceous metasediments could have caused gold precipitation either by triggering fluid 
unmixing or by reduction of the gold-transporting fluid. 
Fluid immiscibility may have occurred if the fluid mixture was highly saline (:::::25 
wt.% NaCl + KCl) when it became contaminated with hydrocarbons. However, the 
effects of fluid unmixing on the stability of the gold complexes are unclear. 
Speciation calculations show that the mineralizing fluid above 550°C, 200 MPa 
transported gold predominantly as AuCl2 (AuCl2 > AuHS0 > Au(HS)2). Reduc-
tion to the stability maximum of graphite of this fluid with a redox state equal to 
or above NNO, provides a powerful mechanism which could explain the intimate 
association between gold-rich veins and carbonaceous units in the metasedimentary 
pile. Reduction decreases the solubility of both sulphide and chloride gold complexes 
which applies over a wide range of temperatures. 
Gold deposition at the determined pressures and temperatures from a fluid which 
is close to equilibrium with the mineral assemblage in non-carbonaceous metasedi-
ments does however require a high initial concentration of dissolved gold (:::::100 ppb) 
so that gold can become saturated. If this requirement was satisfied then the indi-
vidual gold deposits could have formed from small quantities of mineralizing fluid. 
It was shown by reaction progress calculations that fluid reduction could precipitate 
30 tonnes of gold from less than one cubic kilometer of fluid. This requires the 
pyrolysis of only a few hundred tonnes of carbon. 
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Unless gold saturation was attained at much smaller concentrations during un-
mixing of the mineralizing fluid into an aqueous and a carbonic phase, the high sat-
uration level required for reduction may exclude metamorphic fluids as gold sources. 
Also, it appears unlikely that a large amount of metamorphic fluid passed through 
Cosmo Howley at the time of gold deposition, because the deposits in the central 
Pine Creek Inlier occur only at a small distance to one another and to the granite 
contacts. At Cosmo Howley, (~:d.5 km vertical distance from granite contact) min-
eralization is continuous over at least 700 m at depth. Thus, only small volumes of 
metamorphic source rock would have been available in the dominantly vertical fluid 
flow regime which persisted during mineralization. 
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A distinct style of hydrothermal gold deposits has been characterized by my field 
research in the central Pine Creek Inlier (northern Australia). This style occurs at 
the same crustal level as most mesothermal deposits, but is distinguished by a higher 
formation temperature and intimate association with I-type granites. Is this gold 
deposit style perhaps more common than expected ? 
Shallow level deposits for which a magmatogenic origin is not controversial are 
those summarized in the Cu-Au association of Ohmoto and Rye (1979), Burnham 
and Ohmoto (1980), Ohmoto (1986), and Sillitoe (1990). Examples for such deposits 
which are commonly associated with oxidized I-types occur in Japan (Ishihara, 1981) 
or Australia (Blevin and Chappell, 1992). In some of the large deposits in North 
Queensland, like Kidston, gold was precipitated from oxidizing magmatic fluids at 
temperatures above 500°C (Baker and Andrews, 1991). Importantly, these Queens-
land deposits are poor in basemetals which usually are associated with magmatic 
hydrothermal systems. This may be explained by precipitation of these at lower 
temperatures further along the flow path of the magmatic fluids (Schneiderhon, 
1930). This interpretation could also apply to the deposits in the Pine Creek Inlier 
where the outer contact aureole has been eroded off. 
A close spatial association between oxidized !-type granites and gold deposits.in 
the Lachlan Fold Belt (Fig." 7.1) has been noted by Blevin and Chappell (1992) who 
proposed that gold was transported in oxidizing magmatic fluid and was deposited 
upon reaction with carbonaceous metasediments in the contact aureoles. The qual-
itative and quantitative functionality of this precipitation mechanism has been val-
idated by the speciation and reaction progress calculations presented in Chapter 6. 
These thermodynamic calculations represent the first evaluation of gold precipita-
tion mechanisms at high temperatures and pressures above the vapour saturation 
level. These calculations involved both the gold-sulphur- and the gold chloride com-
plexes simultaneously. 
The modelled dependence of gold solubility on redox state of the fluid may be 
important for a wide range of deposits where gold was deposited under reducing 
conditions within-, or in the near vicinity of carbonaceous metasediments, including 
those which formed at temperatures down to the critical point of water. Many 
examples of such deposits are described in the literature. 
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Figure 7.1: Spatial association of granite-types and mineral deposits in the Lachlan Fold 
Belt, Australia (from Blevin and Chappell, 1992). A - Whole-rock Fe203/Fe0 vs. FeO* 
. of the granites and associated commodity e.g., tin, molybdenum, and gold. Gold deposits 
are clearly associated with those granites which have the most oxidized bulk composition. 
B - Whole-rock Fe203/FeO vs. Rb of the granites and associated commodity e.g., tin, 
molybdenum, and gold. Gold deposits are associated with those granites which are low in 
Rubidium. 
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Systematically increased gold grades at intersections of fault/veins with local 
carbonaceous beds within a greywacke sequence have been observed in the Wattle 
Gully Fault Zone Victoria (Cox et al., 1992) and Bendigo-Ballarat (Cox et al., 
1991). In Canada the huge (;::::917 tonnes Au) Mc-Intyre gold deposit, Timmins, 
Ontario (Smith et al., 1984) exhibits a close association of high-grade orebodies 
with carbonaceous slates of the Timmiskamina Formation (Fyfe and Kerrich, 1982). 
The importance of this association has been stressed for the whole Abitibi belt 
(Ontario-Quebec) by Springer (1985) and applies also to the large Dome. Mine, 
Timmins (Fyfe and Kerrich, 1982, Kerrich and Fryer, 1979), and many of the large 
gold deposits in the Ashanti goldfield (Obuasi, Ghana, cf., Ntiamoah-Adjaqua, 1974, 
Acheampong, 1991). 
Research on the involvement of a magmatic fluid in the formation of metamorphic-
hosted gold deposits has been very limited. Deposits where a magmatic fluid may 
have been involved in the ore-forming hydrothermal system, as suggested by the 
geologic context include Pontal in Brazil ( Guilhaumou et al., 1990) which shares 
many characteristics of the deposits in the central Pine Creek Inlier. 
About 25% of Australia's past gold production (;::::1,700 tonnes) came from the 
Menzies-Kambalda area in the Archean Yilgarn craton in which numerous deposits 
share a large number of the characteristics of Pine Creek granite-related deposit 
style such as Coolgardie (Knight et al, 1993), and Big Bell (Handley and Cary, 
1991; Phillips, 1993). Big Bell has also been compared with the Hemlo deposit in 
Canada (Barley et al, 1986). The formation of Hemlo (2::600 tonnes Au) may have 
involved magmatic fluid from proximal I-type granites as may be inferred from the 
description of Kuhns (1986). Deposits with many of the characteristics established as 
the deep !-type-granite related style also appear in other gold provinces in Australia 
such as the Hill End Goldfield in New South Wales (Seccombe and Hicks, 1989) and 
The Granites gold deposit in the Northern Territory (Hughes, 1990). 
In summary, gold deposits of the 1-type granite-related style which formed at high 
temperature appear to occur elsewhere in Australia and worldwide. A close spatial 
relationship between orebodies and carbonaceous metasediments in many of the 
worlds larger gold deposits, as well as the frequently described reducing conditions of 
ore deposition, may indicate that gold precipitation by reduction of the mineralizing 
fluid was operating, especially where fluid immiscibility can be ruled out. 
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The gold deposits in the central Pine Creek Inlier represent a unique style of 
gold mineralization that formed in the inner contact aureoles in the roof of calc-
alkaline I-type granites. Gold mineralization was deposited in quartz veins, while 
the metapelitic host rocks were experiencing the peak of contact metamorphism at 
a temperature between 550-620° C and an ambient pressure of 200 MPa. 
The location of the ore in narrow subvertical zones of extensive quartz veining is 
evidence for highly focused fluid flow out of the inner contact aureole. Flow-focusing 
occurred, firstly, into structures which pre-date granite intrusion such as anticlines 
with larger amplitudes (Cosmo Howley, Mount Shoobridge, Goodall). These anti-
clines have not been actively deforming during the formation of bedding-concordant 
crack-seal veins in the steeply dipping limbs of folds and discordant hydrofractures 
in fold hinges. Secondly, in the Woolwonga gold mine and at the Enterprise Deposit, 
syn-deformational quartz veining and ore-genesis reflect focusing of fluid flow into 
actively deforming structures. 
Rising fluid which transported gold into the flow-focusing structures is inferred 
to have been a single phase mixture of (1) water liberated from the dehydration 
of predominantly non-carbonaceous, carbonate-poor metasediments during contact 
metamorphism, and (2) an oxidizing magmatic brine released from the crystallizing 
granitic melts (f02 ;::: NNO, salinity :::; 55 wt.% NaCl+KCl). 
The involvement of magmatic fluid in gold transport and deposition is inferred 
from (1) high fluorine contents in biotite (4,300::;F::;49,000 ppm) in the alteration 
assemblage K-spar + biotite + andalusite + cordierite of the gold-bearing veins; (2) 
the timing of gold mineralization as determined by cross-cutting relations between 
gold veins and felsic dykes and pegmatites; (3) the location of the gold deposits in 
the roof of the intrusion; and ( 4) the high formation temperature of mineralization. 
Mutual overprinting relationships of gold veins and granitic pegmatites at Mount 
Shoobridge also indicate their coeval formation. Felsic dykes at Cosmo Howley, 
Tom's Gully and other deposits in the central Pine Creek Inlier were emplaced during 
ore genesis. This timing is again consistent with the involvement of a magmatic fluid 
in the ore-forming process. 
The alteration assemblage indicates a slightly acid pH of 4.3-4. 7 during gold 
precipitation. A high salinity of the mineralizing fluid at the site of gold deposition 
(;:::15 wt.% NaCl+KCl) has been estimated from the Cl-content in the biotites. 
Gold deposition was accompanied by potassium + arsenic metasomatism and Na, 
Ca were leached from the host rocks which is further evidence for upward fluid 
migration down a temperature gradient. 
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SHRIMP-dating of hydrothermal zircons from gold-quartz veins at the Goodall 
deposit gives an age which is the same as that of the !-type granites (1817±16 Ma 
vs. 1820-1835 Ma, Compston and Matthai, in prep.). 
Distinctly heavy sulphur-isotopic compositions of arsenopyrite from Au-veins at 
the Cosmo Howley deposit (8345 +3.7 to +7.2 per mil) are consistent with sulphur 
derivation from an early magmatic brine released directly after water saturation 
occurred in an oxidized magma. 
Within the flow focusing structures, the close association of orebodies with car-
bonaceous units indicates that gold was deposited either where the rising fluid inter-
acted directly with these metasediments, or where hydrogen- and hydrocarbon-rich 
fluid (XH2 ~ 0.004, Xco2 + XcH4 ~ 0.4), generated from proximal carbonaceous 
units, was focused into the fluid conduits. This mixing of gold-transporting fluid 
with hydrocarbon-rich fluid is interpreted as instrumental for gold deposition at 
Cosmo Howley and elsewhere in the central Pine Creek Inlier. 
Fluid reduction upon mixing is proposed as the key depositional mechanism 
in the gold deposits in the central Pine Creek Inlier. Reducing conditions during 
gold deposition are indicated by the stability region of co-genetic arsenopyrite and 
pyrrhotite (10-22 ·5 ~ f0 2 ~ 10-20 ~ graphiternax)· The reaction of gold-transporting 
fluid with hydrocarbons or carbonaceous metasediments could have caused gold 
deposition either by fluid reduction or by inducing fluid immiscibility. Unmixing 
of a carbonic and an aqueous fluid could have occurred upon contamination of the 
saline mineralizing fluid with hydrocarbons. 
However, reduction appears to be the more likely cause for gold deposition, 
because fluid immiscibility should have occurred only at very high salinities (~ 
25 wt.% NaCl + KCl) in the hydrocarbon-rich fluid mixture with mole fractions 
of C02 + CH4 ~ 0.1-0.2. Reaction progress calculations indicate that significant 
amounts of gold should have been precipitated from the fluid before such hydrocar-
bon concentrations were attained. 
In spite of the fact that numerical modelling indicates temperature gradients 
during gold deposition of up to 170°C km- 1 , cooling of fluid along the flow path 
appears as an unlikely cause for Au-precipitation in the Pine Creek Deposits, because 
the composite gold solubility of AuC1 2 ~ Au(HS)2 > AuHS0 stays nearly constant 
in the temperature interval from 600 to 400°C, especially in the presence of more 
reduced buffering assemblages. 
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